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SECOND AIAA/NASA USAF SYMPOSIUM ON AUTOMATION, ROBOTICS AND ADVANCED 2CMPU2TINO FOR THE
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Dale Myers
Deputy Administrator
NASA Headquarters
Washington, DC

.nanK you, Noel Hinners , and good If we can meet that goa, we will enharce
mrrning to you all. On behalf of all of both the productivity and tne saftv f
us at NASA, 7 m pleased to welcome you to the pioneers who will be living, worKlrn
tnis most important symposium, and learning in space permanently _n I

a few short years. Indeed, the safety
Nearly uO years ago, one of the fathers of our people is NASP,'s highest priority,
of cybernetics, Norbert Weiner, described because people are our most precious
automation as a "new development which resource.
has unbounded possibilities for good and
for evil." What is NASA doing to achieve that

balanced mix of people and machines
Mr. Weiner was right, of course. New so essential to future progress?
technologies are, in themselves, neutral.
't is only in our capabilities and We have developed a research program
intentions to apply them that they take designed to exploit automation and
on moral significance. The real robotics technology to the highest
importance of advanced technology lies degree possible consistent with our
in what we do with it. I am pleased that resources. The research is carried
this Symposium will help us to focus on out by our Office of Aeronautics and
applying some of mankind's most advanced Space Technology, and its fruits are
technologies to create unbounded tranaferred to thbi, other NASA program
possibilities for good. offices; that of Space Flight, of the

Space Station and of Space Science and
As we prepare to enter the Space Station Applications.
era, it is clearer than ever that the
Station's development will also drive Our research program has three
the development of automation, robotics objectives. First, we aim to
and advanced computing, both in space and decrease the cost of ground nontrcl,
on Earth. and ground processing and checkout;

second. we want to increase the
Advances in these technologies, to be capability and flexibility of space
stimulated by the Space Station Program, operations. Finally, we want to
will benefit the United States in many increase the probability of mission
ways. success.

Such advances will increase productivity Artificial Intelligence Technology will
in space for commerce and science, be used to reduce the size of the gruund
They will also increase productivity control contingent. Telerobotics will be
throughout the United States economy, used to enable increased space assembly,
as the new technologies are transferred servicing and repair.
back to industries on Earth. And they
will help to preserve United States' In tho long run, we expect the program
leadership both in space and at the will have extremely beneficial results.
cutting edge of technology on Earth.

Its goals are to decrease missionNASA welcomes the challenge of developing operations manpo'.-- ',y 75 per cent;
a highly automated and autonomous Space to replace half o," extra-vehicular
Station. Indeed, such a facility will activities with t- Dotics; and to
be essential, not only to the station's enable remote ass _ , servicing and
development, but to its evolution and to repair through telerobotics in both
future space endeavors through the end of geosynchronous Earth orbit and in polar
the century and beyond. orbit for the Space Shuttle, the Space

Station's Orbiting Maneuvering VehicleThe successful use of such technologies and Flight Telerobotics Servicer and
will ensure that future space missions, other orbiting facilities.
'- "P, manned or unmaoned, will be
beneficial, productive a-1 cost- NASA's work is designed to complement
effective. NASA's goal in developing thextensive efforts of industry and
t.,ese technologies is to ensure that the military in pecil areac *1'ct
we achieve the best mix of people and several study groups have identified
machines to do our work effectively as requiring NASA leadership.
and efficiently.
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For example, one area in which NASA Because they are so importint, wc;i
clearly nas taken a leadersnip role is like to summarize those piano
that of traded control. As you know, assumptions now.
this is toe ability -o switcn from human
to autonomous control of a oacnine grace- The first is tnat there wil ' tw o.4D
fully and smootnly - sometning like using -el-rouottcs and system autO)y, '

,ruise control in your car. Another area ;ystsms.
..3 at zf cPerator-nacn~ne interfaces.

Second, each focus will nave a series of
NASA gained =his experi;e Cec3use it ground demonstrations of an evolutionary
nas employed atcnatijn end r'obotics in testbed to show increasing capability ofOD,- annel ni nsanned issions since integrated technologies.

ceginnng cf tne spae prcogram. Our
inmanned Dianetary explorers and otrier Third, there will be a core technology
scientific spacecraft all nave had and program to develop the capabilities
continue to nave highly automated needed to enable the demonstration
systems. And, as we all know, the

planned Mercury flights were so automated
that the astronauts felt they would be Fourth, the resources balance will be
little more tnan passengers in their 2/3 for core technology and 1/3 for the
capsules. demonstration sequences.

Our heritage in robotics was highly Fifth, any flight demonstr _ _n3 will ne
visible in the Viking Mars Lander, funded in conjunction with the NASA User
and remains so in the Shuttle's Remote Offices, that is, the Office of the Space
Manipulator System. Clea-ly; -utomation Station and the Office of Space Flignt.
and robotics are not new to NASA.

Sixth, each of the two ground
What is new is our increased focus on demonstration sequences will take place
advanced automation an robotics tech- at a NASA Center, but not necessarily the
nology in recent years. This new surge same center.
of interest and activity has come about
because of two related government Seventh, the core technologies will be
initiatives, developed at various sites.

The first is the Space Station program, Eighth, government, industry and
initiated by President Reagan in his i984 university research will be leveraged by
State of the Union Address. The second using O percent of the program funding
is high Congressional interest. This was to sponsor research outside of NASA.

manifested in July !9 84 when Congress
passed legislation, now known as Public Ninth, for each focus, the technology
Law 98-371 which directed NASA to put development will begin with an early
the best brains in the country to work demonstration of current capabilities
to identify and develop space station and move forward in aggressive, but
systems which advance automation and reasonable increments, leading to therobotics technologies, not only on theresnbeicmntlangoth
robotics Spachnolgies, not thon outhe development of a revolutionary technology
initial Space Station, but throughout for both automation and robotics.
its evolution.

Finally, arrangements will be made toThat same public law spawned the ln eerhcnes srcnes
formation of two groups. The firt link research centers, user centers,
formtion ofA' twogrops The firutNASA program offices and appropriate

Advisory Committee, a group of NASA universities and industries into working
' teams.

experts formed to make the reports the

law made mandatory. The second is the Using the approach I have just outlined,
Automation and Robotics Panel, composed NASA is moving vigorously to integrate
of non-NASA experts from industry govern- application of advanced automation and
ment and academia. Both of these groups applicstonog n totiomanhave made and continue to make valuable robotics technology into the development
contributions to the NASA program. of the Space Station and into the Space

Transportation System as a whole. Our

Their advice and assistance has been most critical needs for those tech-

invaluable in developing our agency-wide nologies for the Station will be in

focused and augmented automation and the initial assembly and building phase;

robotics program. for alt-nomous operations, once it is

assembled and built; and in the efficicnt

We are developing the program, as we servicing of the Station, payloads and

develop any major program, based on satellites.

strict assignments of roles and
responsibilities and careful planning c r is vitalus th is roram
.2ssumAp , 1- . indeed, we had ten planning cooperation is vital in this program.
assumptin an~ed, e had envepanning That is why we have made it clear to
assumptions, and they have served as our .)'. h,*t' In the Phasp O~ii,1iti,. ''
Ten Commandments as thp e- -a t!c:o pt r
"h2e. ,r.iimisiry design phase of the program, odS
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Ini as we approacn the developmental NASA agrees w-t- 'n3 assessment. ! -

pnase, tnat a-,c!tation and robotics can only say tnat Ine Congress wJ "

iho~cjy is reqjir-ed fr te Space give u e resoures , we will 1D tn -

Statn. indeed, wa will evaluate oest ;oo that -an De Jone.

coq tor prjposaLs for the final design

and : .or.tijon phase of tna program f0or Our great adventure in space has hardly

tne2r reSponsivness to automation and begun. 7he Space Station and the

rD0o2b :r re rms't5, mi3sions to follow will challenge our
ingenuity and skills to the fullest. But

1m e c 'Ins' )ur contractors are from this effort will come new knowledge

2012 :n:' fl, :./ well. Th-ey and new technological breakthroughs we
-se 52: recommended automation .an hardly imagine today.

nJ rCoatlos pljatio~s during Phase 8,

and have amplified those plans in Our challenge is to make the most of our

innovative and sKillful ways as we opportunities to benefit ourselves and

prepare for development in Phases C future generations.

and D.
Last month, President Reagan spoke to the

Vndin]g for NASA's automation and NASA employees on the first anniversary

robotics research and technology program of the Challenger accident. He said:

is growing incrementally every year. "Whether it is the exploration of space

It has gone from $10.2 million at the or the applications of space research

program's inception in FY 1986 to a here at home, the future to which you are
proposed $25.7 million for Fiscal 1988. leading us is bright, the challenge wnicn

you are shouldering for all mankind is

I am pleased to report that funds have one that we cannot turn away from."

been committed and significant progress

%a5 been made in developing a flight NASA welcomes that challenge. We will

telerobot servicer. This machine will never turn away from it. We will
oe available as the first element launch continue to push ahead, with dedication
of the Space Station and will be used to and resolve, toward a brighter future for

support assembly, maintenance, and all mankind.

servicing of the station.
Thank you very much.

Research and development also is being

conducted throughout NASA and by its

contractors on expert systems to support

Space Station operations and scientific

research and manufacturing in space.

The university community is on board, as

well. NASA has selected the University

of Wisconsin to establish a Center for

the Commercial Development of Space,

specializing in space automation and

robotics.

As we move forward with these activities

it is clear that potential applications

of this work will be important not only

for the Space Station program, but for

the Space Transportation System as a

whole and for industries on Earth.

Indeed, given the long-term benefits In

greater Space Station productivity and

in major productivity improvements that

would result from transfer of expert

systems to industries on Earth, many

believe that NASA should make a greater

investment in automation and robotics

technology.

For example, the recent report of the

Automation and Robotics Task Force

commissioned by NASA's Space Systems and

Technology Advisory Committee estimates

that the prograiL is uuderfunded by a

factor of 2 to 4. The Task Force

asserted that to be successful, and co

do all that NASA should be doing in this

promising area, funding should be

...creased gubstantially.

3
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APPLIED ARTIFICIAL INTELLIGENCE IN NAVY

Randall P. Shumaker
Naval Research Laboatcry

Washington, DC

Abr application areas, many of which are closely related to

T-e U S ,avy nas a woe spectrum of applications to civilian problems, but often they exhibit a unique military

wnrcn Ai can be anppoec. :ncluding manufacturing and flavor. Applications such as fault diagnosis, inspection,
ogistcs, and operatona applications in surface ships, planning aids and image analysis clearly have close

suomannes, aircraft and space applications. The Navy, counterparts in the commercial world. Target
:hrough the Office of Naval Research (ONR), has classification, battle management, naval message

supported artificial intelligence research from its earliest processing and enemy plan recognition are unlike their

emergence as a disc:oline, and continues to be an closest commercia) counterparts in a number of
m oortant contributor to university-based artificial respects, particularly when operational impact, real-time

-'e hgence research. Increasingly the Navy is operation and computing power limitations are

conducting applied research programs within its own considered. Navy projects in several of these areas

aooratories with the goal of transitioning the technology have matured to the degree that full scale utilization of

.nto service. These programs cover a range of the technology could begin within three to five years.

"', v rt ,r '- i rq 1 r- in ,h
n'' 1 rr'r ,h 1 "'1r ' iq l [i
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:3 AND T"{EMES IN INFCRMATICN <CTENCE AND TFf)N:)LOGY

aul Amarel
-efense Advviced eoerch "roects Aoencv

cnf!r-matin -clen-e ind Technoloay )ffice
Ar.inqtcn, .Xroinia 2Z]09-2308

-1t1-17 n ,-lete>' h,'nic te, and it We have made enormnous progress in ti.e area of
wt[' "ntl-ue t ve or irvict -r. our societv. -t-purer networking and distributed computing. We
-,,re ire -ev'ri. oxct=.i scentili.:jtechno:.x7:l -tist build on top of our experience with ARPANET

'.7'.'nts -- ie e tdiv at cromise i ond internetting to provide a more convenient

.zeier ie tur'Pr " _e fmpict f -omiutina on network access to the national (and international)
eense in! -n 1,r -ii:-la eccc71. sclentific and engineering communities. We can

expect completely new patterns of collaborative
The tehn o~yq of '.'erv 'arge Scale Inteoort-on research and engineering to develop because of the
[.L$I nd netwcrking has spawned several novel rgrowti ind maturation of computer networking
-ultirrocessor 3rchitectures. These 3rchitectures technology. Experience to date suggests that these
nrr~mse to r:-vide the very high performance developments will have significant impact on the
oarbilities that are needed in applications such productivity of professionals. More research is
Is; sin, Sreech, Comulex Symbolic Orocessing needed on wide-band networks and on reconfigurable
,n. 'ar-e Scientific problems. DARPA has a maior networks. Also, we are still facing difficult
eff-rt in this area as part of our Strategic problems in the design and use of distributed
-,rutlng Program. Results so far are very computing systems.

encouraoinq. Much remians to be done, esDeciallv
itllttainirg a better understanding of the in recent years there has been substantial progress

-inab~>t~es of new architectures and in in the application of computers to design and
;eveoD rinq effective ways of applying them to the manufacturing. This is an enormously promising
,olution of various types of computationally- area, and it has great significance for the
:ntersive problems. Basically, we face the national economy. Most of the work so far has
ohallenqe of developing anpronriate computational concentrated on the use of computers to design
naradiqms for parallel computing. Another computers and their parts (e.g., VLSI design,

Lmnortant task is to establish better links digital circuit design, system configuration). It
between develnments in conventional (primarily is becoming apparent that many of the current
nunericallv-oriented) supercomputers and the new techniques can be extended to other types of
ex lorations in highly parallel architectures, design, including the design of mechanical parts

and processes. Computer science and technology is
We are now at a point where Artificial Intelligence now at a point where it can provide the intellec-
'AI) is starting to have noticable impact on a tual basis and the tools for the development of a
number of industrial and defense problems. DAXPA science of design. I believe that the entire area
has been the Primary source of support for AI of exploring computing as a basis for assistinq
research over the last twenty years. Scientific and amplifying industrial prodictivity is an
ievelopments in AI promise to elucidate the natur, excellent candidate for a major national
f ntellioent action in man and machine; in initiative.
iddition, they promise to bring about a new
seneration of machine intelligence technology that Even though the U.S. pioneered many of the early
will extend considerably the scope and power of developments in robotics, it is now lagging
oomputing that will be available to various (relative to Japan) in the production and use of
classes of users. The major thrust of the DARPA robotics. We now have many of the elements that
Strategic Computing Program is to accelerate in a are needed for the construction of advanced
substantial way the development of a machine robots, i.e., robots that can effectively
:ntelligence technology that can have a significant integrate perception, planning and action in the
impact on defense systems and that can strengthen pursuit of given goals. At DARPA we have a growing
mur industrial capabilities. Much work in AI is program in this area, including the Autonmous
now directed to the exploration of methods and Land vehicle project. This is another area that
s stems for solving very ccmplex "real life" may be re iy for a major national thrust.
problems. In parallel with these efforts, we need
to pursue basic research on problems of repre- There has been progress in coite-aided
entation, reasoning, learning and discovery, and instruction and training in the last decade but

on frameworks for designing and implementing AI much more needs to be done in this area. By
systems, increasing the effectiveness of comiter systemsas adjuncts to instruction we can improve the

This country, and the DoD in particular, has an human potential of the natiou. This is an
enormous investment in software. This is an area extremely important objective. We need additional
where better methodologies, tools and theories research in this area, in particular work on
are sorely needed. We must develop much more effective and adaptive man-achine interfaces.
effective ways of designing, building and main-
taining software. Al methods and cost-effective,
massive, computer power will certainly help us in
this enterprise. In addition, we need to develop
better theoretical underpinnings and more powerful
automated processes to support the engineering of
complex, testable and reliable software.

bpyr Lght Cl1987 by the American
ns ti ut of Aeronautics and
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We are !nrvinq ti I Point where the presence tf
<-mPuters is _,nfluencinq in I 3ubstaintial way I'he
Iporoach to M ma CjeptlfiC Ind enoineering

problems. Bas-c paradiqms for work in Phvsic-s,
in mathematcs ind in other areas ire heinq
resped heciuge f the avail ibil itv C vis'_%
increAsed imn(unts ,f -omputer po~wer is well i

_m~rcved neth dol A7 ies tor h-arness1Pno rA -w rouler

power to the r,'eds of users. It is importar.t
-mputer science and technoloqy to be aware f
these developmerts and to try to understand thnem.
I.'is has imvl icat ions in education in --[rputen-

science and on rthe need for cross-discipli mry
research.

-cmlputer C cience is c:ontinuinq to suffer from a
rvnoe shortage. It is essential to build
iniversirv environments that encouraae an
iincreased production of graduate students in the
discipline. This has implications on the

-continuity of researcIsup r and the availabil tyi

o-f _Ipto-,Jate comourdtionai facilities in
Icademia -

de need to maintain an adequate growth rite 4f
:o-Mputer science research fundinq in the nati-r.
At "CARPA, 7c outinq is an area of high priority.
inA -,t is neinq funded at a level -which is
rouohly o-ne -parter of the aqency's total buloet.

It would b~e desirable to develop a national. Ll
for cmter-scien-ce research. in o)rder to mcve
towards such Ipolicy, it is impor-tant to

increase the coordlination of planninq in co-mputer
science amonq qovernment aqencies. The FCCSET
conmittee activities are a move in the riqht
iirection. Also, it would be useful to establish
a1 forum for the interchange of ideas on lrng-
ranae planninq iith participation from goverrnment,
industry and academia. The creation of the
7

or)mter Science and Technology Board by 'he
National Research Council is an impctant step in
that direction.

-omputer science and technoloqy are in a ealthv
5tate o)f levelopment today. There are many
research and engineering challeniges in the field;
there are alro many oppor-tunities. viewed in a
b~roader context, the computer field is in a

pivotal position of influence vis-a-vis all other
areas of sc:ience and advanced technology in the
U.S. It is essential that we maintain our
momentum in advanced computing in order to
maintain/increase the chances of national
leadership in other key areas of science and
technology, such as Space.
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Vision and Navigation
for the Carnegie Mellon Naviab

Charles Thorpe
Steven Shafer
Takeo Kaneae

and the members of
the Strategic Computing Vision Lab

1. Introduction sensor fu"on. smaller robots ran out of space and power for mufmtpie
Robotics Is where Artfial tNolence meets the real world. Al sensors. When we wanted to expand our test areas, communications

deals with smbols. rules. and abstractions. reasonking about concepts to a remote computer in the lab became more dificult And as the
an'l relationships. The real world. in contrast. is tangible. full Of experiments becamie more sophisticated, we fouod It more productive
exceptions to the rules, and often stubbornly difficult to reduce to for the experimenters to test or debug new programse near or In the
logical expressions Robots must span that gap They live in the real vhile, Instead in a remotely located Laboratory
world, and mrust sense, move, and manipuate real ob"et. Yet to be rAaIsbedoacmecilvnCs"wthyruicde
inteflgent, they must also reason symbolcally The gap is especially Nva sbsdo omrilve hsi.wt yrul rv
p~ooounced In the case of outdoor mobile robots. The oudosi and electric steerin. Computers can steer and drive the van by
constantly changing, due to wind In trees. Chang"n sun positions, electric and hydraulic servos, or a human driver can take over control
even due to a robot's own trackrs from previous runs, And moilt H neesay NIs even ticensed In Pennsylvania. so we can drive it by

rersthat a robot is always encounterin new and unexpected hand to ou remote test sties. Once ther, the driver pults a switch

events. So static models or preloaded maps are Inadequate to ada nor irpoesrasmscnrlo tsern n

represent the robot's world drive. The Naviab has room for researchers and computers on board,
and has enoughi power aind space for all our existing and planned

The tools a robot uses to bridge the chasm between the external sensors. This gets the researchers close to the experiments, and
world and Its Internal representation icuesensors, triage eliminates the need for video and digial cornmunications with remote
uoderstanding to interpret sensed data. geometrical reasoning, and a compuers.
concept of Ilme and of the vehicle's motion over time. We are
study"n those Issues by building a mobile robot, the CMU Naviab. Features of the Naviab Include
,amd gtvin It methods of understandinog the world. The Navialb has *Onboard Computers. We have fiv computer rackrs. one
perception routines for understandIng color video images and for for tow-level controllers and power smoothing, one for
interpreting range data. CODGER, Our 'whlteboard., which was video distribution. VCRs, communications and
developed for the Naviab and fts smaller cousin the Terregator, miscellaneous equipment. two rackts for general-purpose
handles much of the modeling of IVe and geometry. Our archttedtua'e irocessors (currently Sun workstations), and one for a
coorinates control and infoniiatlon flow between the high-level Warp procesor
synboic processes runin*g on general purpose computers, and the Onboardi researchers. There Is always a saety driver In
lowrevel control running on dedicated real-time hardware. Th the driver's seat. There Is room for four researchers in
system buiNl from these fools Is now capable o1 driving the Naviab the back. with a terminal or workstatien for each. An
along narrow asphxalt paths near campus while avoiding trees and overved shelf holds video monitors and addtional
pausing for oggers that get In Its wa temrinsf. The researchers can monitor both their

This report descrilbes the Nevialb [t11f and the software we have programs and the vehicle's motion.
bult over the past year color vision. for finrling and following
roads ft 21, 30 perception, for obstacle avoidance [41: and the * Onboard power. The Naviab carries two 5500 Watt
CODGER whtiteboard 1101. genwatms plus power conditioning end battery backup

for crtilcal components.
-Orboerd sensors Above the cab is a pan mount

2. The Naviab carrying our laser scainner and a mounting ral for a color
The Navtab (short for Navigalson Laboratory) Is a van converied Into TV camera There will eventually be a separate puvtit

a robot. capable of being driven conventionally or under computer mounxt for stereo carreras.
control (figure t) 11f Is self contained. carrying Its own sesos * EvoivWng conrtroller. The fis computer contlroller for the
processors. power, and even researchers. Navlab is adequate for our current needs. It will evolve to

Our previous mobile robots, such as the Terregator, have been do smo~other motion control, and to Interlace to an inertia
reliable wodithoses tar smatl-scale, expertments. However, we have guldace "ytern and possObl to GPS satelite
started to outgrow t!heir capabilltiles. As we begain to experirient with navigaioni. The controller witl also watch vital signs such

as compuer temperature and vehicle hydrauic presstmie

3. Color Vision
The Naviab ums color vision, specifity muild-cims adelpff color

classificaton to fin and follow, roads. Image polints are dlasslIled into
'road' or "non-road' princpaly on the balis of their color. Since the
road Is not a uiform Color, color classlficatio has to have more tha

one road model, or class, and more tha one non-i'oad class. AndsreCiiosZZZ2ZrmV* 0Nfoad 0. lc tZW
over the tes course, the colors hve to adapt Once fth Image is

4L 3.1 Vision Principle, for the Real World
-~~ We based the develoment Of our vistion on the toloing* principles:

E .,41 Assum variation and chanoge. On suimy days there ame
shadowed areas, swil areas, and patches wit daoe itlght. On

Figure 1: The Naviab raiy days, ther are dry patches and well patches. Some days. there
G4Viyrgh1 t 907 by The Canviege Mellon Rnbotic insitute. Published by the Amercan Institute of
Aeronautc and Astronaritics. Inc with permilssion



are wet and dry and sunny and shadowed all in the sam'ie image The and I ,e-hide simulator with ,osic, process.rq -1crd mages and
road has clean spots and other places covered with leaves or with interactirg wrth the rest of the syslem When the simulations wof1ed
drips of our own hydraulic ftud And as the sun goes behind a cloud in the !ab. we moved them to the vehicle Only after the simulation3
or as the vehkice turns lghtlrig conditions change This means that worked on the vehicle s computers, and we were sure that all
we need to have more than one road color class and more than one necessary software was on t"e van. did we go into the fleld tio' real
non-road class that those classes need to adapt to changing tests Even then, everything dldnt wori. but there were many fewer
conditions, and that we ne.d to process images frequently so the bugs than there would have been wthout the simulations and tests
,hange from one image to the next will e moderate 3.2 Road Following Algorithm

Use few geometric parameters. A complete description cI the
-ads shape in an image can be ouite corrnix The road can bend
)eerlly or tur abnptly can ,ar/ in mdth and can clo up or down hill
Hcwe ,er the more parameter there are. the greater the chance of

rror in linding those parameters Small mlsclasslftcatlons in an
fiage :nuI ove rise tO tairiv largp -.rrors in perceivpd road geometry
-j1it.rnier., -1 all Ih, road parar-wfim . ,an vary, there .. , ambiguous

nlerprelations loes the road adcually rise, or does it instead get
wider as 1i goes' We chose :o describe the road with only two free

.irameters its orientation and its distance from the vehicle Road
width is fied, we assume a fMat world, and we decree that the road Is
straight While none of those assumptions are true over a long stretch
of the road. they are nearly true within any one image. And the errors
in road Position that come from those oversimplifications are balanced
ty less chance of bad Interpretations. If there are a few pixels
.. errectly classifled as road. the worst our method will do is to find a
slightly incorrect road A method that Ines to fit more parameters, on
!he other hand. may come up with the perfect Interpretation of pan of
the road. but could find an abrupt turn or sudden slope near the bad
pixels.

Work In the Image. The road can either be found by projecting the
road shape into the image and searching in image coordinates, or by
back projecting the image onto the ground and searching In world
coordinates The problem with the latter approach comes in projecing
the image onto an evenly spaced grid In the world. The points on the
world grid close 10 the vehicle correspond to a big area In the lower
part of the Image; points farthei away may correspond to one or a few Flguw 2: OfIginal Image
pixels near the top. So ether there has to be a complex weighting
scheme, or some image pixels (those at the top, that project to distant We folowed those princpes In buildIng and tuning adaptive color
,,orld points) Wil have more weight than other (lower) points A few classiflcatton for following roads. Our algorithm involves three stages-
noisy pixc's can have a big or a small effect, depending on where in I Classify each pIxe.
the image they lie On the other hand, working directly in the image 2 Use the results of dassificaton to vote for the best-t
makes it much easier to weight all pixels evenly We can dtrectt 2 U strlon o
search for the road shape that has the greatest number of road pixels road Position.
and the least non-road pixels Moreover, projectng a road shape is 3 Collect now color statistics based on the detected road
much more etficent than back projecting an the inage pixels and nonroad regions.

Callbrate directly. A complete description of a camera has tc Pixel classificatlon Is done by standard pattern classflication Each
incude "ts positlion and orientatlon In space; Its focal length and class Is reTwasente by the mean". vi rlnces, and covaences of red,
aspect ratio lens ellecls such as fish-eye distortlon; and non- green, and blue values, and by Its a pnord likelihood based on
Ifnearltles in the optics or sensor The general calibration problem of expected fraction of pixels In that class. For each pixel, calculating the
trying to r-asure each of these variables Is very difficult. It s much class to which t most likely belongs Involves findlng how far the pixel's
easier, and more accurate, to calibrate the whole system rather than values lie frm the mean o1 each class, where distance Is measured In
tring to tease apart the individual parameters The easiest method Is standard deviations of that class. Fikes 3 and 4 show how each
to rake a picture of a known object and build a lookup table that pixel Is classified and how well It matches.
relates each world point to an Image pixel and vice versa. Project"g Once each point has been classified, we have to find the most lkely
and back projedcing are simply done by table lookup, or table looku1p location of the road, We assume the road Is locally stralt and can
for dose by values with sirpl Interpolations Such a table Is be described by two parameters (figure 5):
straightiorward to build and provides good accuracy. and there are no 1 The Image cok.mn of the road's van shing point' were
instabilitiles in the calclations. the road intercepts the horizon. This gives the road's

U,.. uusikde constraints. Even wflhout a map t our lest course direction relative to the vehicle.
or an expensive inerlIal navigation system, we know approximaly2
whee the road should be based on the previous Image and on vehicl 2he 2 Th orientation of the road in the Imaofe, whIch gives
motion Our whiteboard" can predict where the road should appear ft now far the veh'cle Is to the rght or flt of the centerne.
the road were straight and the vehicle navigation were perfect We set up a two dImensional parameter space. wtth iercept as one
Adding a suitable margin for curved roads and sloppy navigation still diCi5on and orientation as the other. Each point classitted as road
gives useful l on wheire In the Image to look for the road. votes for 94 road Intercept / odentation combinations to which It could

belong, as shown in figure 6. The orientation / Intercept pair that
Test. We tried to run our VCR every day we took the vehicle out, to receives the most votes Is the one that contains the most road points.

collect Images unde as many condtilors as possible. We had sunny and Is reported as the road (figures 7 and 8).
days, cloudy days. rainv days, leaves on trees, leaves tuming color,
laves falling, early moring. noon, after dusk, even a partial solcr Once the road has been found In an Image, the color statistics we
eclipse Strategies that worked well on one set of Images did not recalcuiated for each class (figure 9). The updated color statistics will
always work on the others. Our phlosohy was to collect the toughest gradualy change as the vehilre moves Into a ctfterwn color road, or
Imag" from those sets We ran our best algo" hms and printed the as Ightin condltions change, or as the color of it" surrounding grass.
classIfication results, changed paneterm or algorithms, reran the din, and trees vary. As lonig as the processing ine per Image Is low
data set, and compared resufts. This gave us the best rhfance of enough that "ere Is a large overlap between Images, the statistics
being methodical and of not Introdudng nw bugs as we wt When adapt as the vehicle moves. The road Is picked ou by hand In the
the 'mage processing worked to our satisfaction, we ran simulations In first Image. Thereafter, the proc"s Is automatic, us" the
the lab that Included the whiteboard, range processing, path planning, segmentation from each Image to calculate color statistics for the next.
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Figure 6: Vtes pornt od renttwonuld oteret orantatpont

with most votes.

Figure 4: Rload probability image. The pixels that best match
typcAl road colors are displayed brightest.

FMgt"to: leteted rowd.
Image, an rcalciate stutstics based on this reclassfication. We
Imop through the classify - update cycle several Wim Wo each image.

LAs long as the first two po"n set have diferent dls~tmtulos the
resutftg clases wO move towards separate, tiotr dlusters.

Olwterfwtaons change the voin for beet road. sesIdes addingFNure 5: A point Classified as road could be a part of roads with votes for road pIXels, we subtract votes for non-road points. Votes wedifferent orenttions and vanishing points. vwlghtd acoording to how we* each Point match.s road or noriroadThere are several variations on this basic them. One vartation Is classes.to smooth the Image first. This throws Out mrllS and tightens the There ame otwe cdues In an Image besides color. for Instagnog riuAlroad and noiwoad clusters. Another Is to have more than one class texts". Roads tend to be smooth, with less h~gh,-frequency variationfor ri)Od and for non-road, for instance c"'~ for wet road and one for than grass or leaves, as shown In figure 10. our first texltxe algorithmdry, or One for shadows and one for suns. It We knew where the wet ran a Robed's gradent operator, thresholded the result, and countedroad and dry road patches were, we COWi codlect separate color the number of pixels above threshold In each 16 by 16 block. Thisstatietlo for those two classes. Since we don't know where those method lab to deal adequately with shadow edges. to whc Rob~tsare W9. we collect new statistics by starting with one clam for the operator responds strongly, or with t interiors of shadows, In ~hc10P Pad of it- road Imag and one for the bottom. Using col ft absolte v&aus of gradients are small because th pixel valuesStatsic from those regions. we reclassify the road pixels In the same are small, The shadow edge problem can be handled by djlvWdn the

3
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algortttnms calcuilt the roads; shape road widtlh and x-ation )I 'I-',
hoinzon)i from the tirst training imlage Noe 1lso tak~e 'woylinalo

pictures. with a meter slick placed perpendiculiar t0 the -'$nK*e 8 r:
tQ metears in front Then. dlunog the rin given the cenler-lino -

letlected road In image coordinates. is5 easy to get the x position D

the road at 8 and 12 meters, and then to calcullate the W)Plides
posiion on the road

This algrihm run~s in abO4it V) ppr'r'1 i~4mage '(fl a jedikat"-t

Sun 3,160 usintg 480 by 512 oix04 images reduced to 3(, rows in V2
'-oirmns .Ve cuirrently process a new i4ti50e every 4 meters 44414

gives aboiri three fourths of an image overtal betee rmogS Ten
seconds is last enough to balance the rest o1 the sy'ifan hjt is slo-w
.44w,)gP that clouds Can come and go aird fighting corI~tiong 3hapqq

between images WVe plan to p--1 ths lgonthim to the /Nar Ml s;

expertimrental high speed processor NVe hope to process an Image

per second, and to uise higher resolution

4. 3D Perception
o)ur obstadle detectijon starts with dlrecl range pificelpliofi u'iN an,

ERIM scanning laser rangefinder Our EFRIM p.'oducell 9ee halt
F:igure 10- Zoomed plotura )f road nonroad boundary The road second, an image containing 64 rows by 256 columns of rng x,I

it 43ff4 45 minf4 ass! tewtured !han) the grass fat right) see figure 12) The scanner measureS the phase dtffeenxe betweert
an amp ue-mo41vYulIetd laser and Its rpflecto from a tlge1 obilecl1

3 3 implementation and Results whiich in turn provides the distaince between ithe target obledt 9Md itn

";- " 4t'5t40 Ye have found is to have two road lases scanner The scanne produes a dense range in-age by uin~g two

ir'1 le,, n)n '04al dasses and to smooth the image wilth a lb by l6 deflecirfng miqrrors " on r the hofitonIW scan lines and Ore tar vertical

-,Aging slttrr The two road (asesR handle sunny and shaded road motion between scans. The volIJTl scan~ned is 80 degrees wide anid

-mghrt -ay,; ,r Npt and ryr patches t'643r overcast conrditions 31) high The range at eachi pixel Is dlscrettzed over 256 levelS Prorm

O Iwo no road 'Iassqs 7;itqn converge on trees and grass. or grass zero to 6.4 (got
iI Jtr, 'e3ass Fferng the integes9 by averagin reduces the effect

'I r.44f-q n the4 Miewrilk andj )tter scene anomralies, and also
n. )t' .It 01cr( abe"rraions1 frm misaligned :camort guns and from
111 f-, IWn Ih eiirs at W ;or~x s Pjlwe

*4 )r~I nfofrmaqtion :"*Iji be used as a for f't element It the

astct' arin i1h %el green and ?*Inl i ve foundo text jre )sed

r,-' Lo455 'lfethan -Ir InsteadIpr we treat ley'114 as a
,-, rat'. IraltrQ vmt fi'ad sratt'ttt moan andt arianre for road and Figire 12: Rlange Image of two itrees on flat teirrafi Gray levels

encode distance. nearer points are pounted dakir



Our range process"n beg"n by smoothing the data and uno comb"n the regionris from these separate processes. since thev are id
the peculiarities of the rang"n qwwometry The *ambiguity inevl' in the same coordinates of the painted range image rhe final resut
where range values wrap around from 255 to 0. are rlnicted an is a snmth concrete region, In. ~ Ift Is sale to rve. and a pooSitive
ujotolded. Two other undersirable effects are removed by the same identfication and 30 location of the stirs, tor updating the vehtdel
alqonithm The first one is the preenc of mixed points at the edge of Position
an obtect, The second is that a measurement from a surtace such as

,s r. glass, Af glossy piymeits is meaningless, in both cases, the 5. System Building
resulting points are in regions limited by considerable jumrps in range Besides the problems in bidin the various modules for road
id can therefore be removed by the same algrihm W~e then inding. n 'e&ikm. patin planneig. and so forth, there are also

transtorm ifre values from angle- angle- range in scanner coorninates. a -dl of issues related to building a coherent system. We have built a
tc , y--, locations These .30 points are the basis for al ute lavereod system, vith CODGER providing toots and services, and an
l:rocessingarhtcueotosel covninfocotoandtalw

.Ve have two main processing modeS obstacle defectinln rhtcue01tpStigcnetos oto anddaafo
tprrain analysis Ob)stacle detlection stfarts by calculating surface 5.1 Blackboards and Whltefboards

,)()rr~al Irm he -v- Nils la. Iavesate -urace wil hve The program organization of the NAVLA13 software is shown In
.Prtical surface normals otStadieS will have surfaco Patches With figure t3 Each of i* maor boxes reesents a separately runniing
normals pointed in other directions This analysis is relatively fast pormTecnrldtbscle eLclMp smngdb
running in about 5 seconds on a Sun 3/75, and is adequate for a program Theocnta atas e ae the Local MapBidr(A8. isc m odagedb
smooth terrain wihdsrt btce.stores and retrieves information In the database through a set of

Simple ohstadle maps are not suffidient for detailed analysis For subroutines called the LMB Interface which handle at commnication
gireater accuracy we do n-wre careful terrain analysis and comblne and synchronization with the [MB, If a module resides on a different
'upquences of images correspondting to overlapping parts of the Processor than the [MB. the [-MB and [MB Interface will transparenty
environmrent into an extended obstacle map. The terrain anafysis thandle the network comnmunicati1on. The Local Map, L-MB, and L-MB
algorithm first attempts to find groups of points that belong to the interface together comprise the CODGER jCOrmrrimcaitons;
same surtactt, and theiv uses these groups as seeds for the region 0-atabaSe wih GEomti Reasoning) system.
growing phase Each group is expanded Into a smooth connected
surface patch. The smoo10thness of a patch is evaluated by fdttlng ih
s;urface, plane or quadric in addition, surface disconfinuities are used 5

to limil the region growing phase. The complete algorithm is ttnio

1 Edges ExtraK- surface discontinuitles, pixels with high tip~

lumps in x-y-z

2 Cfustering, Find dlusters In the space of surface Blackboard
normals and identity the corresponding regions In the
orfginal Image

Region growing Expand each region until the ftfting '
error is larger than a given threshold. The expansion ihI~t oo

Proceeds by iterattvely add"n the ooirtt of the region jAvoidane. V14100
boundary that adds the minimum tilting error.

The ctustering step is desige so that other attributes such as
color or cuirvature can also be used to fin Potentilt regions on the
object The primitive surface used to compute the ff"tn error can be
either a plane or a quadric surface. The decision Is based on the size
of the region

Obstacle detection works at longer range than terrain analysts. Figure 13: Navab software archiletedxe
When the scanner Is looking at distant otf-ects. It has a very shallow Teoedsse titr- etidlae olo
depression angle. Adjacent scanlifnes, separated by 1/2 degree In the Th ovrlsytm tutx a eiridtbsapolf
range image. can strike the ground at widely different points. And kr *$dge-Interisfve modules, and a database manager that
since the grazfng angle is shallow, very Iffe of the emitted laser synchronizes the modules-As dwaaerl~c of a traditional blackboard1
energy returns to the sentsor, producing noisy pixels. Noisy range system. Such a system is called 'hefte-rchicar because the
'afues. widely spaced. make it difticult to do detailed analysis of flat knoedge Is scattered ang a set of modules that have access to
terrain But a vertical obstacle, such as a tree, shows uip much better data at all levels of the database (0.e., low-level perceptul processing
Ini the range data. Pixels tram neighboring siies tall more clsl ranging up to high-level mission plans) and may post their finding on
together, and with a more neot perpefndicular surface the, reltuirned any level of the database; In general, heleraidil systems impose do
signal Is stronger and the data Is cleaner. So It Is much easier for fact sbucturfing of the Information low among the modije Of the9
obstacle defection to find obstati than for terrain anelsls to certify System. In a tradiftonal blackboard, ther Is a single flow of control
that a patch of ground is smooth and level. managed by the database (or bliackboard) manager. The modules am

Subroutines each with a pro-defiermined preconcfon (pattern of data)
There are cases In which neither video nor range alone provide that must be satisfied before #Wa mode can be executed . The

enough information, where we have to do data fusion to determine manager keeps a lIst of whc moduiles am reedy to execute and in lbs
moility or recognize an obqect One such examiple occurs tn central loop It select one module, execiutesIt, and adds to lts ready-
navigating the smaller Terregaioir vel~cle around camipus sidewaMk. list any new modules whose pwrecndlo" become satlifed by the
At one spot, a sidewalk goes up a "lif of stirs and a bicycle Path currentfy execullig modulle. The system Is thus synchronoius and the
curves around. Video alone ha a toughi time dis*tigishig between managrs function is to focus the atlenicrto of lie system by selectinig
the cement stairs and the cement bicycle patlh. Range data canniot the *best* module from the reedy-VatI on each cycle.
tell the difference between the smooth rise of the grasy hi and the
smooth bicycle rarrip. The only way to correctly kdentlfly the safe We call CODGER a wfhoeiioari because it iso Imiplements a
iehicle path Is to use both kinds of data. hee~rcia syielstctur. bul dillem Irom a bladmboard In several

We start by fusing the data at the pixel level. For eac rag poinit. key respects. In CODGER. each moclule Is a sepaat~e. wfnVuous*
we find thea corresponding pixel In the ~ie Imege. We prodlue a ruir prgrm Ih odl commuilca by stil g and rleving

painted range image, In which each pixel Is a (red, green, blu, x, y,z) dat In e e"dat abse. fadltee that io. for achieve fby
6)-vector. Then we can runi our standard range segmentation and initv InMdaarle fcMth iloorxn .fra
color segmentation progrmsn, producing regiolnsi of smooth range or m~ueto reqnuest data and suspeind exeojion uril the speciie data

contan clorForth strs n artcia'.we av a pedl-~zpseappears. When some othert modulde stre the desired date the tWs,"tnt olr Fr he tais n prtculr.wO wm secil-urpsemodule wN be re-acivatled and Vie dft wil be sen to it With
-3e detection pr()girar tha kti~w aboul vertIci and holr"ta CODGER a module progrvrlner thus has Coletn over the flow of
planes, and how they are related In typical stairs. ft Is easy to execuion *witi his mode and may Iniplament reil-time loops.



demons, data flows amnong cooperating modules, etc CODGER also local coordi~nates relative to !he basic coordinates Ar r.?lattve !o some
(%as ik, pre-co-Tipfled 1t 311 datia ileerevat specilications: each time a other locaf coordinates. Location attributfes defined 'n a local
module requests data. Nt provides a pattern for thie data desired at that coordinate system are aulomaicaly converted to the appropniate
timre. We cal such a System a whileboa'd-41t is hater~ct&alike a brasic coordinate system when a token is stored in the database
blackbhoard. but each mnodule rlu lIn paradath the. module CODGER provides the module programmer with a conversion 'outne
programmer controlInrg the synchronrzatfor aid dafta retrieval to convert any location to ary specifed coordinate system
requests as best suited for each module. Lie othier recent distribu~ted AN of the above taclities need to work togeew~r to suppoilAl architectrxes, witeboards are suited to execution On mUttIP4e asynchronous Sensor fusion For example. suppose we rave a v'ision
processors. m odule A and a rangeftnder module 8 whose results are to be merged
5.2 Data Storage and Retrieval by some* module C. The foltowing sequence of actions night occur

DataIn he OCIER dtabse Locl Mp) i reresnte In I A receives an image at time t0 arnd posts results on the
tan cnsithe COGE dlatiab aseo s a)is rerese In database at time 15. Although the calculations were

tokcens con dsin of casseml afftve ft udels h hean type of carried out in the camera coordinate system for time 10,

each attribtei in tokens of each types. The attributes themselves may stem aeuts tie atowethe okenrted torI theIL
be the usual scalars (Integers, floating-point values, strings,.ytma ~a1 hntetknI trdI h
enumerated types). arrays (or sets) of these types (including arrays of database.
arrays), or geometric locations as described balow, CODGER 2. Meanwhile, B receives data at time 12 and posts result$
automatically maintais certain attributes for each token: the token at time 17 In a similar way.
type and I number, the 'generation number as the token Is modified.
the timre at which the token was created arid Inserted into the 3 At time 18. C receives A's and B's results As described
database, and the time* at wh~ the sensor data was acired that led above, each such token will be tagged with the time at
to the creation of this token. The LMB ~nerace provides facilities for which the sensor data was gathered. c decides to use
buildinig and dissecting tokens and atbues within a module. Rapid the vehicle coordinate system at tinie 12 (B's timrel for
execution is supported by mapping the module programmer's names merging the data.
for tokens arid attribiutes onto globawly used Index values at systemn 4 C requests that A's result which was stored in VEHICLE
startup tfime. time I (I coordinates, be transformed into VEHICLE timeA module can store a token by caftig a subroutine to send Ai to the 12 coordinates. Ift necessary, thes LMB will automatically

LMBI Tokens can be retrieved by constructing a pattem called a interpolate coordlinate transformation data to accomplish
speciflcahron and calling a routine to request that the LMB send backc this. C can now merge A's and B's results since theytokens matching that specificato. The specification Is simply a are in the Same coordinate system, At time 23, C stores
boolean expression In which the attributes of each token may be results In the database, with an indication that they are
substituted: It a token's attributes sats the boolean expression. then stored In the coordinate system of time 12.
the token is sent to the mowdule that made the request- For example, a
module may specily' 5.3 Synchronization Primitives

.,os*7 ye qWt Woscin ad trsffle-ontrof equal CODGER provides module synchronization through options
t0 ste-og? specilied for each data retrieval request- Every time a module sends

This would retrieve all tokens whose type anid traffic-control a Specification to the LMB to retrieve tokens, it also specifies options
attributes satisfy the above conditions. The Specification may Include that teN how the LMB should respond with the matching tokens:
computations such as mathematical expressions, fidng tf-e minimum *Immediate Request Tha module requests all tokens
value within an array attrlxure, comparisonts among attributes, etc. C~reity In the database that match this Specification
CODGER fths Implements a general database. The module The moXdule will block (i.e.. the 'request, subroutine in the
programmer constructs a specification with a set of subroutines In the LMB Interface willnot retum control) until the LMB has
CODGER systemi' responded. It there are no tokens that match the

One of thes kay features of CODGER Is the ability to mar-dpufate sPecfialon, the action taken is determined by an option
geometric Informartion, One of the attributie types provided by In the module's request:
CODGER Is the location, which Is a 2-D- or 3-D polygon and a Non-Blocking. The LMS will answer that theire are
reference to a coordinxate frame In w~c that polygon is described. no matching tokens, arid the module can then
Every token has a specific atitriute that lt thre location of that object proceed. This would be used for imecitical
in the Local Map. IN applicable, and a specificatin can Include moduiles such as vehicle control, Example: 'Is
geometric calculation and expressions. For exarnple., a specification there a stop slgnr
mighit be: Blockkfog The LMR wM record thist speciicationl arid

tokwu wiir loca wift 5 unitof (45.) jin worst coordriatesi compare It 819811n1t 81 incom0ing tokens. When a
or new token matches the specificaion, Nt will be sent

roee01-al vrwig to the mock"iarid the request will be satfied.
Meanwile, the module will remain blocked untl the

where X Is a description of a rectanglea on thes ground in front of the LMB has responded with a token. This is the typ
vehicle. The geometric prhinles omffrnuy provided bry CODGER of request used for setmg up synchronized sets 04

ircueacletoocentrl area.dianietel, convex til,odeton, cOMrrumatirig modules: eacth one watts for the
arid mininwann boczicig rectaingis of a location, ind distince anid results from eue previoug modtje to be posted to
interisection caiutionis betweeui a pak'of locallorie. We believe that fte database. Exnmle: *Watke am up when you
this kdid of geomret date retieva caabilty Is essential for see a stop sign.
supporting spetal reasoning in .oi Ioot with mul"~l senors.
We expect geometric spedlicelone to be the most common type of Standing Requilst The module gives a specification

dataretrevelrequst sed n OnNAVLBalong with thes nmie of a subroullne. The module thenl
data etrival rques U~edin ~continues ruming; the LMB w11 record the speidficamo

CODGER alo provitl"a for almic woorkale system and compane N with all Incoming tokers. Wheneve a
rabienrineandi tranfrmatimon tir thgie geomnetric operations. In token matcrea, IA wil be sent to the modijue, The 1MB
the Local Map, all ooorinims of moroN a11itbises are defined Iitelae wo WO itrethVe token mid exeaoltr the
relative to WORLD or VEHICLE cooroihm; VEHICLE coordlinatles specified subroutine, passing the tkeng as an argument.
ame parameterized by tirre, mid the LMS uweintair a *twevaryng This has the eflect of krvokidng the givn subroutfine
hatnsmiontio between WORL.D aid VEHICLE coordinates, whenever a token appears in the datlabase tha riwes
Wheniever new, hInormatlo (I'e., a new VEHICLE-to0-WORLD ie given specifcation, it can be used at systlem startup
trainsform) becomes avatlable, N Is added to the htory' matitatned in time fore m odul. programnmer to set upi *dsmn routlineis
the L1B; ther 1MB wil Interpolaile to providle intermediate wllhi the module. Ercwrpts: "Ertecue that "ruine
tranionuious as needed. In addIlon to these batc coordlrate whemvier you see a stop agn,*
systems, the 1MB interface liw a module progu'iier to define



5.4 Architecture high speed processor, on the Navlab. The Warp will give us a factor
oI 00 more procesing power than a Sun for color and range image

There aure several modules that use the uODGER tools. and thatil 110mr rcs"pwrta u fi oo n ag mg
iher ahir sevelrhite modules aha: ue ODGERtoolsandt tprocessing. At the same time, we are looking at Wnprovements to the

into a higher level a-"ecture The modues are software architecture. We need a more sophisticated path planner.

-Pilot. Looks at the map and at currect vehicle position to and we need to process Images that are more closely spaced than the
predict road location for vision Plars paths. length of a driving unit. Also, as the vehicle moves more quickf. our

- Color Vision Waits for 3 prediction from the Pilot. wats simplifyng assumption that steering Is Instantaneous and that the
until the vehile is in the best position to take an image of vehicle moves along circular arcs becomes more seriously flawed
thal section of the road, returns road ocaton We are looking at other kinds of smooth arcs. such as clotholds.

- ( bstacle Avoidance Gets a requ-st from the Pilot to MOp. One particular reason for the slow speed is that the Pilot
-heck a part it the road for obstacles, Returns a list of assumes straight roads. We need to have a description that allows for
itstacles o or near tad for osthe road. curved roads, with some constraints on maximum curvature The next

steps will include building maps as we go, so that subsequent runs

- Helm Gets planned path from Pilot. converts polyline over the same course can be faster and easier.
path into smooth arcs. steers vehicle Cross country travel. Travel on roads Is only halt the challe"e.

- Graphics and Monitor Draws or prints position of vehilde. The Navlab should be able to leave roads and venture cross country.

obstacles, predicted and perceived road. Our plans call for a fully integrated on-road/off-road capability.

There are three other modules in our architecture but not yet Intersections. Current vision routines have a built in assumption
implemented that there is one road in the scene. When the NAab comes to a fork

" Captain Talks to the user and provides high-level route in the road. vision will report one or the other of the forks as the true

and mission constraints such e' "avoid area A* or "go by road depending on which looks bigger. It will be important to extend
road B" the vision geometry to handle Intersections as well as straight roads.

We already have this ability on our sidewalk system, and will bring tl
" Map Navigator. Maintains a map, does global path over to the Navlab.

planning, provides long-term direction to the Pilot. Landmarks. Especially as we venture off roads, it will become
* Lookout Looks for landmal.a and objects of importance increasingly important to be able to update our position based on

to the nission sighting landmarks. This Involves map and perception enhancements,

These modules use CODGER to pass information about *drivng plus understanding how to share limited resources, such as the
units* A driving unit Is a shorn chunk of the road or terrain (in our camera, between path finding and landmark searches.
case 4 meters long) treated as 3 unit for perception and path planning. Software Development Our current blackboard system can
The Pilot gives driving unit predictions to Color Vision, which returns manipulate prridtive data elements but has no concept of data
an updated driving unit !ocaton. Obstacle Detection then sweeps a strctures made up of tokens on the blackboard. We need aggregate
driv..-,g unit for obsiacies. Tne Pilot takes the driving unit and data types for representing complex 30 geometric descriptions of
obstacles, plans a path, and hands the path off to the Helm. The objects for recognition. We wil also be Implementing a LISP Interface
whole process Is set up as a pipeline, in which Color Vision is looking to our blackboard so that not al modules need to be written In C.
ahead 3 driving units, Obstacle Detection is looking 2 driving units
ahead, and path planning at the next unit. If for any reason some Integration with Work from Other Site. There are other
stage slows down, all following stages of the Pipeln have to wat. universities and research groups cooperating with Carnegie Mellon
So. for instance, if Color Vision Is waiting for the vehicle to come through DARPA's Strategic Computing ViWon program. We plan to
around a bend so it can see down the road, Obstacle Detection will Incorporate some of their program into the Navleb system in the
finish its current unit and will then have to wail for Color Vision to coming years as It evolves Into the 'New Generation Vision System'
proceed In an extreme case, the vehicle may have to come to a halt which is that goal of that program.

until everything dears up. All planned paths Include a deceleration to
a stop at the end. so if no new path comes along to overwrite the Acknowledgements
current path the vehicle wilt stop before driving into an area that has This research is supported In pal by the Advanced Research
not been seen or cleared of obstacles. Procts Administration of the Department of Defense (DARPA), under

In our current system and test area, three driving units Is too far contract DACA 76 85-C-003, monitored by the US Army Engineer
ahead for Color Vision to look, so both Color Vision and Obstacle Topographic Laboratories. We are part of the Strategic Computing
Detection are looking at the same driving unit. Obstacle Detection Vision effort.
looks at an area enough larger than the Pilot's predicted driving unit The Terregator and Navial were built by Willam Whittarer's group
location that the actual road is guaranteed to be covered. Another In the Construction Robotics Laboratory, and the Warp group Is led by
practical modification is to have Obstacle Delection look at the closest H. T. Kung. Faculty In the ALV group Include Martia Hebert (range
driving unit also. so it a person walks onto the road Inmedlately In fitel er work)and Jon Webb (Warp vislon). The real work ges done by
front of the vehicle he wil be noticed. Our system will try to plan a an army of 8 staff. 9 graduate students, 5 visltom, and 3 part time
path around obstacles while remain on the road. If that Is not
possible, it will come to a halt and wait for the obstacle to move before progrn .
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_n,rrI' the velocities of various points :n Space

Cuper 1 im I t on the would be stored in the memory and :ut up[he :u rntaper ~mt n he into cells. To simulate the chan-ge . n
Spac 1 omputing systems is fluid over a moment of time, the

leermined by cur ability to design programmer must arrange to sequentially
computers, not by demand. Advances in shift the cells to the processing uit
cirCuIt tibricat ion technology have one at a time for computation. Although
recently made possible the construction the computation would be modelling a
)f a new type of computing engine called system that is fundamentally parallel,
the Connecton Machine which contains namely the flow of the fluid, the
tens of thousanjs of tiny processors. programmer would realize this by a series
Each processor is capable of computing of sequential operations.
concurrently, so the machine is much
faster than a conventional computer. This sequential method of solving

problems made a great deal of sense in
_ackround the 1940's, since it allowed only one

processing unit for a large amount of
The first prototype of the Connection memory. The economics of the technology

Ma-1i;c system, with 65,536 processors, at the time were such that the single
was constructed by Thinking Machines processing unit was as large and
Corporation under contract from DARPA in expensive as many thousands of words of
1985. Even this first prototype, the memory. Today we still use
CMI, is one of the world's fastest word-at-a-time processing in almost all
computers, and it is currently being our computers even though the technical
applied to problems in fluid dynamics, reasons for using it have largely
database retrieval, design automation, vanished. Both memory and processing
image processing, simulation, and elements today are built of the same
artificial intelligence. A commercial fundamental material; usually silicon.
version of the CMI was introduced in They can be fabricated on the same
spring of 1986, and is currently being integrated circuit. In spite of this, a
sold and manufactured by Thinking modern single chip computer is
Machines Corporation. essentially just a scaled-down version of

the roomful of vacuum tubes and mercury
The key idea of the Connection Machine is delay lines that represented a computer
to combine memory and processing into a in the 1950's. The organization of
single cell which can be replicated many programs in terms of streaming memory
times. Most computers today are based on past a single processor, although
a two-part design where the memory and originally developed for reasons of
processing functions are performed by efficiency, has become a serious
separate units. This two-part design performance handicap. Today most of the
made a great deal of sense in the days silicon in a computer is in the memory,
when processing was realized by and most of this is idle.
relatively expensive and fast vacuum
tubes and memory was realized by One way to speed up a computer is to
relatively slow and inexpensive delay increase the speed of the primitive
lines. Since the two functions of the operations. This is difficult to do
computer were implemented by essentially beyond a certain point. The fastest
different technologies, they were conventional machines already have
implemented separately. The system was operation times comparable to the time
programmed in such a way as to keep the required for light to travel from one
expensive vacuum tubes relatively busy. side of the processor to the other.
Programmers were trained to break up a While some improvement can be made by
problem into a series of sequential making the processing components
operations, so that the data could be physically smaller, the operation times
processed one word at a time. For of processors are getting close to their
example, to simulate that flow of a fluid practical limits. It is becoming
on a conventional machine the volume of increasingly difficult to improve the

ouprioht ( 1)7 by the American
:u{~>t uf Aeronautics and

.strona t'cs, Inc. All riqhts resirved.



r.-ce7 o .-,mouters without ::r7uijts. in such 3n. n t i t
-' me nta 3 ,! 1hng in'g th e 1esig n . S :nce n 3t-Ir a I to u) s e n e d ro0cess n 5 S I n ;'1 1

,n ee iip r e.m e n ts3 reu1re the u;se t represent the st 3te f e? Cajh
3 1ater :MDpanents and 1ens er hunIred thousand tr3nsistors.

1 3'1; n j, ar ;e .:)mputrs tday 3re natural pattern Df communicitian '--enIs
.antiy ass e~ 'n m :i tnan tne r on the e xact wiring pattern )f

- srir in terms )t transistors. IE two processor -el Ia
Cr -no.t i Ln Simulate two ransistars whIch Ire

:tnnected In the ,1 gram, hen tre
. 3 L3 t 2'cs5 t e at* processor cells must communicate. When

-lr '1[. e : 'e al.,ntage at toe nhe voltage level on one transistor
3Tn netor' and pracessi ng changes, this change is propagated to the

. .n-eo-% ii--e tai I red an the same other transistor through the connection.
L r cn 3o '1 p)Juce a simple In such an application the processing

* r :essor memory unit that can be cell are assigned to transistors
3cated tens ot thousands at times. arbitrarily, and each processing cell is

. can also taKe advantage at a more given the telephone numbers of the
ra t3L mapplnj of the problem into the transistors to which it is connected.
11 inlie Oy eli-inating the need to Thus the communications structure of the

ar- , e the computations in serial order. processing elements exactly matches the
natural structure of the problem.

.- e const'acuion of a machine with
- r-e. s -f n usands or processors is In more complex algorithms, such as
-naie possiole by the availability of very those that occur in the study If
.ar :e scale integrated circuits wIth artificial intelligence, the connection
.-reds )f thasands af transistors on a pattern may actually change during the

e ip. But ist Raving many course of a computation. For example,
S ssDrs Is not sufficient. Very few each processor may represent a simple
e -'-estin a pIlcations decompose into concept, with the connections between the
1tally independent subproolems; most processors representing the relationsnps

:ure communication between the between the concepts. One processor may
-t aessing elements. For example, in a represent the concept "Socrates," another

* 0 ee-Jmensional fluid flow problem each "man," and another "mortal." A
)t at volume must communicate with its connection between the processor

:m'ehate neijnnors in three-dimensional representing "Socrates" and the processor
3T 1?. In Dther problems, such as a representing "man" represents the concept

lrje Jata nase problem, the pattern of that "Socrates is a man." And,
t' e uammunication can be much more similarly, a connection between man and
:mpl:cated, depending entirely upon the mortal may represent the statement that

: itent at the data. In fact, many "all men are mortal." Such a machine
pr )orems re;uIre dynamically changing would be able to deduce the concept that
:att.-rni af -- mmunication that rearrange Socrates was mortal by following the

rln the c aurse at ?omputation. chain of connections. The example is
simple and contrived. But in a real

Un lei!-; to the second important artificial intelligence application, a
:'L e-ent af the Connection Machine simple common-sense knowledge base might
ir hIecture: the connections. Each consist of hundreds of thousands of such
r0:esor/memcry aell is linked by a assertions; for example, assertions like

om*: nLctiona network to all other cells "dogs are animals" and "apples are often
an tne "acnine. This arrangement is red." From such a knowlege base a
; ,ilar ta 4ving each cell a telephone program may be required to make hundreds
witn hi-n it -an call up any other cell of common-sense inferences per second.
wtr wni:n ,t needs to communicate. The Each time a new fact is learned, a new
0Ac~et swit n communication network connection must be formed.
;nrves the role of the telephone system.
eill can onmmunicate whenever they know The implementation of the
-e another's "telephone numbers." In a communication network is the most

'-nree-dimensional problem, such as difficult technical problem in
mdelLtng the flow of fluid over an constructing a Connection Machine system.
i IrpIane wing, each cell is given the For example, in the first 65,536 of the
numoers )f the cell representing its machine, new connections are formed at a
iree-dimensional neighbors. Cells do rate of about one hundred million each

not hve a physical three-dimensional second. This is comparable to the
i-attern of wiring, but many applications switching capacity of the entire
involve a fore complex pattern of telephone exchange for the city of New

)nnect ions. For an example of an York.
appLication that requires a more complex
-,3ttern of -amluncations, consider the The key component that makes this all
silmultin of an electronic circuit with work is an integrated circuit that

nindred thosani transistors. Such integrates 16 simple processing units and
iimulations are :mmorn and commercially a communications router. Each of the
important lurini the design of integrated processinc, units is a very simple



computer with 4,000 bits of memory. The peoik r 'I t- 0~ S t
litEf icult part is the router. There are instr,i t ins per 's- qJ

4,096 cnips in the 65,536 processor
system. Packaging 2ons cerat ins make it
impracticaI to have a Lirect :)nnect ion
oetween all pairs of chips. Instead,
each r-outer is connected drectly to only
12 others in the system. Two processors
within a single chip may :ommunicate
lirectlv, o t processo0rs ,n lifferent
coLps may need to communicate through
intermed~arles. This is the function of
a router. it is the responsibility of a
rooter to forward an incoming message
From one chip to another. The pattern of
wiring is such that six such forwarding
steps, on the average, are required to
communicate between two chips. Even with
all the forwarding steps, the
transmission of a message from one
processor to another requires less than
100 microseconds. Each packet is
transmitted as a stream of bits that are
forwarded through the system in such a
way that the beginning of the stream is
osually delivered before the end is e en
transmitted.

The entire 65,536 processor CMI,
lincluding processor/memory units and the
communication networks, fits into a cube
approximately five feet on a side. It Ls
controlled by a conventional host
computer so that the operating system and
iser interface seen by the user are those
if the host. In fact, the Connect.on
Machine connects to the host computer in
much the same way as a conventional
memory unit. The processor/memory cells
can be accessed simply as memory cells by
the host. This arrangement allows simple
integration of parallel computing and
existing software, since data structures
may be shared by both the Connection
Machine and the conventional von Neumann
host.

The design of the 65,536 processor
machine ias optimized for simplicity and
reliability rather than speed. It runs
at a relatively slow clock rate of 250
nanoseconds, as compared to, say, 25
nanoseconds for a typical supercomputer.
There are no exotic technologies to the
machine. The custom chip is built with a
simple integrated circuit process similar
to that used in personal computers and
pocket calculators. The circuit board's
cooling, packaging, and power systems are
all similar to those found in
conventional computers. Even with this
:onservaive technology, the Connection
Machine is able to achieve computing
rates of jreater than 1000 million
Lnstructions per second, more than 100
t imes the speed of a typical large
computer. The instruction set of the
machine is optimized for operating on
problems that involve images and words
rather than just numbeLs. For this type
if problem the machine is able to achieve
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abstract

The paper summarizes the current research in the Computer according to applications areas. There are no automotive
Vision Research Laboratory at the University of Michigan. vision algorithms or aerospace vision algorithms; -ision al-

The laboratory concentrates or, developing generic vi. -,n gorithms are not specific to any one inustry. Vision algo-
algorithms for industrial applications. Generic vision algo- rithms are defined by the poperties of the vision processing
rithms can be applied to a wide variety of inspection prob- task; that is, in terms that depend on the vision processing
ers. The paper includes a discussion of the current state itself, rather than on some intended use for th° algorithm.

of the machine vision industry and provides recommenda-
t,ors for improving the transfer of vision technology from
researrh to practice. The nature of the problems of applying vision to spe-

cific applications has not been widely perceived The cur-
rent macroeconomic system of machine vision is .nappro-

1 Introduction priate. The so!ution is to place machine vision technology
in the hands of the end users who are fp'ilir with the re-

The University of Michigan recently formed a laboratory, qui-ements of their environment. Vision technology should
called the Computer Vision Research Laboratory, within the be like any other instrumentation: plug it in and use it to
Department of Electrical Engineering and Computer i- make measurements. It is not practical for the developers of
ence for research in computer vision. The Computer Vision machin- vision applications to perform the development spe-
Research Laboratory will evolve through interaction among cific to the ap~lication and to develop the "instrumentation"
the researchers of various related disciplines and through required for the development at the same time. To change
inductrial and government contacts. the current, untenable system, vision researchers must pro-

The research program in the Computer Vision Labora- duce generic vision algorithms that can be used by vision
tory concentrates on the development of generic vision algo- systems developers in a variety of applications.
rithms that can be applied to a variety of situations. Generic Researchers are currently addressing problems related
perception algorithms are simple, reliable modules that hide to vision engineering but without much, if any, concern for
the details of perception in a packaged hardware or software designing machine vision systems. The focus of the Corn-
component that can be used by applications specialists who puter Vision Research Laboratory on vision algorithms that
are not themselves expert vision researchers. Generic vi- are generic, rather than applications rpecific, meets needs
sion algorithms are not developed for specific applications, not addressed by other research institutions. The Com-
but are designed to solve a vision task that is part of many puter Vision Research Laboratory provides a focus for the
different inspection problems that occur in different appli synergistic interaction of researchers aided by interactions
cations in differen; industries. In developing generic vision with industry. The goal of research in the laboratory in to
algorithms, researchers leverale their efforts by providing address fundamental problei.s blocking advances in the de-
solutions to classes of vision tasks while removing the details sign of machine vision systems for various applications. The
of the application from the research effor'.4. This insulates research addresses basic isu:s in computational vision re-
the vision researchers from the details of the application search and the design of systems that can perform vision
and allows them to concentrate on understanding the vision tasks in real time for a given application. New engineering
problems. techniques for designing systems are being developed that

Ano 'her aspect of research on generic vision algorithms can perform tasks in an unstructured environment. The
is that the algorithms are classified according to properties research may also advance the understandihg of biological
that are meaningful in the context of the emerging knowl- vision systems.
edge of vision fundamntals, as oppo, sed to classification

:-:; <:to )f Aor,)sna:ti--s ,in,"l
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2 Research Problems information in dynamic scenes; but due to the legacy of
static scenes, most researchers are approaching the recovery

Visual perception is the process of interpreting measure- problem using just two or three frames of a sequence. This

ments such as light intensity and range that relate to the restricts the results to quasi-dynamic scene analys,, rather

projection of surfaces in a scene onto the image plane. The than true dynamic scene analysis. The information recovery
central problem in vision is the reconstruction of surface process requires constraints about the scene. The analysis
structure and properties from the projection onto the image based on small numbers of frames rests on assumptions that
plane. This paper outlines some of the research problems ignore the most important information in dvni'.ac :cenes.

currently being explored in the Computer Vision Research The viewpoint of the Computer Vision Research Lab-
Laboratory. oratory is that image understanding is a dynamic process.

Dynamic vision algorithms cope with the error-filled visual
" Dynamic vision world by exploiting redundant information in the image se-
" Range images quence. Current research efforts are developing a qualitative

approach to vision that uses only relative information avail-

* Knowledge-based perception systems able in a sequence to infer relationships between objects in
a scene.

" Computer architectures for vision algorithms

" Sensor integration 3.2 Segmentation

" Bridging the gap between research results and appli- In many dynamic scene analysis systems, the goal is to rec-

cations ognize moving objects and to find their motion characteris-
tics. If the scene is acquired using a stationary camera, then
segmentation generally refers to the separation of moving

3 Dynamic Vision components from stationary components in the scene and

identification of individual moving objects based on veloc-
Motion provides valuable clues to surface structure. Al- ity or some other characteristic. For the case of a moving
gorithms for interpreting sequences of images can provide camera, the segmentation task may be the same as above
measurements that are very useful for applications. Image or may involve further segmentation of the stationary com-
flow research has many applications including passive sens- ponents of the scene by exploiting the motion of the cam-
ing systems for autonomous mobility, machine inspection of era. Most research efforts for the segmentation of dynamic
surface structure, passive sensors for aircraft and satellite scenes have been concerned with the extraction of the im-
locking systems, and image compression. ages of the moving objects observed by a stationary camera.

3.1 Background It has long been argued by researchers in perception !11,451
that motion cues aid the segmentation process. Computer

The last few years have seen increasing interest in dynamic vision techniques for segmenting dynamic scenes perform
scene analysis. The input to a dynamic scene analysis sys- well in comparison to those for the segmentation of station-
tem is a sequence of images. A major problem in a computer ary scenes. The segmentation of moving camera scenes into
vision system is to recover the information about objects in their stationary and nonstationary components has received
a scene from images. This problem cannot be solved without attention only recently [221. The major problem in the seg-
some assumptions about the world. A sequence of frames mentation of moving observer scenes is that every surface
provides the additional dimension of time for recovering the in the scene shows motion in the image. For separation
information about a 3-dimensional world that is lost in the of moving object images, the motion component assigned
projection process. Multiple views of a moving object ac- to various surfaces in the images due to the motion of the
quired using a stationary camera may allow recovery of the camera must be removed. The fact that the image motion
structure of the object f45[. A mobile camera may be used of a surface depends on its distance from the camera and
to acquire information about the structure of the stationary the surface structure complicates the situation.
objects in a scene using optical flow iji, acial motion siereo Jain developed techniques for the segmentation of dy-
,25,32, and other methods [211. namic scenes [19,20,221. These techniques have been used

Many researchers in the psychology of vision support the in many applications. Sandia Laboratories is developing
recovery of information from image sequences, rather than systems for tracking objects for Army applications using
from a single image 111,311. Gibson [111 argued in support techniques based on differencing using a likelihoid ratio.
of active information pick-up by the observer in an environ- Recently research led to a new approach for segmentation
ment. Neisser 311 proposed a model in which the perceptual using accumulative difference pictures that may be imple-
processes continually interact with the incoming informa- mented easily on spe-'-I hardware [231.
tion to verify expectations formed on the basis of available

information. In computer vision systems, the power of ex- 3.3 Image Flow
ploiting motion, even with such noise sensitive approaches
as difference pictures and accumulated difference pictures, Image flow is the velocity field in the image plane that arises
has been demonstrated on complex, real world scenes (201. due to the projection of moving patterns in the scene onto
Many researchers are addressing the problem of recovering the image plane. The motion of patterns in the image plane



may be due to the motion of the observer, the motion of
objects in the scene, or both. The motion may also be 7p-
parent motion where a change in the image between frames
gives the i llusion of motion [361.

The intent of this research is to discover new models
for image flow that will yield new algorithms for image flow
estimation and analysis. Constraint equations that better
model the interactions between changes in object position
and the illumination and surface reflectance characteristics
will naturally result in better algorithms and better under-
standing of existing algorithms.

Prior image flow research developed an image flow equa-
tion for smooth patterns of image irradiance and smooth ve-
locity fields 27L. The equation was extended first to image
irradiance patterns with discontinuities and then to veloc-

ity fields with discontinuities f55,56,60). Future research in
image flow constraint equations will aim to increase our un-
derstanding of image flow characteristics. This will lead to
new algorithms for image flow estimation that incorporate
the new continuity equations. Restrictions on the situations
in which existing continuity equationq can be used will be
discovered and these insights will improve the performance
of existing image flow estimation algorithms by pin pointing
the situations where the algorithms cannot be used.

3.4 Motion Stereo

Depth determination is a continuing problem in computer
vision. Research in this area is motivated by the need for
target tracking, autonomous vehicles control, visual pros-
theses for the blind, realistic flight trainers, and models of
the human visual system. There is a plethora of dep., de-
termination techniques. Many different stereo systems for
depth determination have been developed just in the last
few years.

Stereo information can also be obtained using a single Figure 1: An image and its complex log mapping are shown
moving camera. Jain and O'Brien [25,321 map images into a in this figure. The mapping is similar to the retino-striate
complex log space where the movement of the objects in two mapping in primate visual systems. This mapping is very
dimensions due to the camera motion becomes a translation useful in segmentation and depth recovery in dynamic vi-
along one axis in the new space. Given this phenomenon, sion.
the motion correspondence problem is greatly reduced, since
only a small strip of the new space needs to be searched
[181. This constraint is similar to the epipolar constraint
in stereo. In addition, the transform is scale and rotation
invariant. It also has an analog in the human visual system:
the mapping of the retinal space into the striate cortex is been demonstated. The next step is to study its application
very closely approximated by the CLM. Figure 1 shows an in dynamic scenes. This research should yield important
image and its mapping. results for the navigation of mobile robots.

Optical flow has been studied with the aim of recover-
ing information about the environment and the motion of
the observer. The egomotion complex logarithmic mapping 3. 5 Motion Trajectories
(ECLM) exploits some characteristics of optical flow with-
out computing it. The mapping combines scale, projection, Iterative algorithms for determining trajectories of points in
and rotation invariances of complex log mapping with the an extended frame sequence using path coherence are being
characteristics of optic.l flow. This mapping is useful in seg- developed. The emphasis in this approach is to exploit mo-
mentation of image sequences to recover images of moving tion characteristics for establishing correspondence without
objects. The distance to stationary objects can also be corn- assuming rigidity of objects. A greedy exchange algorithm
puted from the egomotion complex logarithmic mapping. has been developed to implement this idea ii1]. The results
Using this mapping, motion stereo and segmentation car of applying this algorithm to a sequence from the Superman

be achieved in one step. The feasibility of the approach has movie are shown in Fig. 2.



Figure 3: This figure shows results of our road edge detec-
tion algorithm. For the road shown in the top ', 't corner,
the road edges are shown in the right bottom corner.

-IL
Another approach to finding trajectories that will deter-

mine motion events is being studied. In this approach, mo-
tion parameters are recovered using constraints imposed by
the equations for the motion of points 11, The algorithm
uses successive refinement to determine the trajectorics of

points. A very attractive feature of this approach is that it
determines discontinuities and tries to ue smoothness only
for the known smooth path in establishing correspondence.

The determination and role of events in dynamic scenes
is being studied. A motion event may occur due to a change
in the motion parameters or due to occlusion. A major
-trust of other research is to develop techniques that will

--OWNrecover qualitative information about depth and motion of
objects using constraiu, propagation.

3.6 Navigation

Techniques for the guidance of autonomous mobile robots
or vehicles are being developed. This requires techniques to
recover information about the environment using vision and
then to use knowledge based techniques to control the navi-

Figure 2: Thrce frames from the Superman sequence are gation. The observation that the location of road vanishing
ahown in this figure. Points on the head and belt of the three points does not change significantly from frame to frame
qoldiers running towards the camera were tracked using a is used to develop an algorithm for finding road boundaries
greedy exchange algorithm. The trajectories are also shown [291. The algorithm use the hypothesize and test paradigm.
here. Results of this approach are shown in Fig. 3.



4 Range Images A new method for object recognition called the feature
indexed hypotheses method is being developed. This method

The long term goal of this project is to develop techniques breaks the recognition process into two phases: hypothe-

that will be useful in object recognition and navigation using ses generation and hypothesis verification. By using fea-

range information. tures that occur multiple times in the possible object set,

The last few years have seen increasing attention to the the number of features in the search can be greatly reduced

analysis of range images. Range images may be obtained generating a small number of false hypotheses that are easily

with passive methods, such as binocular stereo, or with rejected. By carefully selecting the features, the recognition

range sensors. Range images contain explicit information time growth rate can be reduced to the square root of the
number of possible objects. This method also has the advan-

about surfaces. This explicit information facilitates recog-

nition and location tasks in many applications. The goal in tage that unique features which are difficult or impossible to

range im;ge understanding is to find robust symbolic surface find if the possible object set contains many similar objects

descriptions that are independent of viewpoint. Techniques are not required. The method's feasibility is demonstrated

to characterize surfaces in range images are being developed by the reult of a prototype two-dimensional occluded-pemts

5,4,241.  
recognition system.

Surfaces are segmented using local features, such as Gaus-

sian and mean curvatures and related differential geometric 5 Knowledge-Based Perception Sys-
measures. The signs of the curvatures at each point in the

image are used to assign one of eight basic surface types to tens
each point in the image. The next step is to develop tech-

Most complex tasks require specialized knowledge, image
niques to identify surfaces by grouping points using the sur-

face type, spatial proximity, and other criteria. All grouping understandin is no exception. The last few years have seen

processes must conform to the sensed information since the an inc:uasing application of knowledge in computer vision

ultimate truth is in the sensed data. This stimulus boun systems. The application of knowledge at different levels in
a vision system is being studied.

approach uses symbolic surface descriptions in the -. gmen-

tation of images. Figure 4 shows a result of tis segmenta-

tion approach. The symbolic surface iescriptions will play 5.1 Knowledge-Based Algorithms
important role in many applications. An image interpretation system is a program that derives a

scene description from a time-varying image. The input sig-

4.1 Recogv.ition Methods nal is a rectangular grid of signal samples taken at regular
time intervals I(x, y, t). The sample can be taken in several

Object recognition is a major motivation in most image- frequency ranges (for example, red, green, and blue) and

anderstanding systems. Despite strenuous efforts, only lim- combined into a time-varying vector field C(x, y, t). There

ited success has been achieved, is wide agreement that this characterizes the environmental

The object recognition task can be classified based o data used by such a system [9,171. On the other hand, it L-

difficulty in several ways One way is based on the degree of much more difficult to formulate a description of the output

uncertainty allowed in the object's position and orientation, of an interpretation system. In this project, the output of

This can range from no uncertainty, to uncertainty only in an interpretation system is a network representing the scene

its 2-D position, through uncertainty in both its 2-D posi- being viewed, an approach common to other interpretation

tion and rotation, up to uncertainty in its 3-D position and systems. The nodes of such a network are groups of objects
orientation, within the scene: individual objects, object parts, or refer-

The task can be further classified based on the complex- ences to clusters of image events. Arcs in the network are

ity of interactions allowed between objects. In the simplest labeled with relations between the objects. Since primitive

case, each object to be recognized must be completely visi- object parts are usually depicted as geometric solids or col-

ble and surrounded by background. In a more complex case, lections of joined surface patches [10!, these representations

objects are allowed to touch but not overlap. in tne most are included in the representation used in this work.
general case, objects are allowed to partially occlude one

another.

Most work on the occluded-objects problem has concen- However, there is no need to limit ourselves to only that

trated on the case where there is only one object type in the type of representation. In fact, the study of which types of

scene. Algorithms developed for this problem can be ex- primitives are useful and how they relate to the processing

tended to cases of multiple objects types, simply by running of the image is part of our current research. The issues of

the algorithm multiple times, once for each possible object which relations to use, how to vary those relations with time,

type. This is not ideal, as it does not consider or take ad- and how to incorporate the variations in object descriptions

vantage of the similarities and differences among possible that occur over time are also being studied.

objects. Also the recognition time increaaes linearly with The image sequence is not the only source of data used

the number of possible objects, after a fixed time for pre- by an interpretation system. A large database of relational

processing. This can become a problem as the number of and descriptive information, including information about

possible object types increases. proceses and procedures, is also necessary for image inter-



pretation [13,301. These data are a symbolic representation operations far exceeds this and the size of Lhe input date
of knowledge about the world, especially Am that knowledge set is often much greater than 512 times 512 bytes, either
pertains to the interpretation problem; thus, the database is because multiple views are required, or because the sensor
usually referred to as a knowledge base. For example, if it is has a higher resolution (4096 times 4096, for example), or
known that the camera is upright, level, and outdoors, then more than one modality is in use.
it can reasonably be expected that the bright area at the top >s the past, vision researchers have been forced to use
of the image is the sky. Such simple rules and other more SM mhes (s ch e e M ee orrd to

complex inferences form the greater part of knowledge for in- achie es rate of tionyer ube or ambet

terprtvation. The problem of selecting and representing the

appropriate knowledge is a difficult one. Understanding of alternative than SIMI meshes for several reasons.

image interpretation must be achieved by building systems a They can efficiently simulate these SIMI) machines
of processes that work in restricted domains. In building
such systems, the rules and procetes which can eventually e Their interconnections are better for operations such
be incorporated into a knowledge base are learned. The as image rotation, that are inefficient on meshes or
problem then is to organize the information about the ob- pyramids

ject and he n u vr usng 2 1t4s ra than * The hypercube is better suited to higher level symbolic
they can work in situations where the answers are less than tasks since it is an MIMD machine, the nodes have far
certain. more memory, the interconnections are much better

The issues are basically these: for the more random information exchange, and the

" Organization must be imposed on the information used node processors have a better instruction set

for image interpretation, because that information i an example of efficiency in vision tasks, a hypercube
richly detailed and complex, and because large amounts with p processors can rotate an n times n image 90 ° in
of information are required. 0 (n2 log p/p) time, versus 0 (n 2 /vq/ for a mesh or pyramid.

" Varied types of information (for example, relations, Hypercube architectures for MIMD organizations are

procedures, and structural descriptions) need to be better than architectures with SEMI) organizations for oper-

made easily accessible at many levels of abstraction. ations at the intermediate levels of vision processing where
the sequence of operations for different regions in an im-

" There must be a way to control the selection of which age are usually different because the sequence is governed
information is considered, which programs are acti- by properties of the region. For this type of processing, a
vated, and what information is passed among pro- loosely coupled multiprocessor system is ideal. If dynamic
grams. scenes are involved, then massive parallelism is essential [I[.

" Interpretation processes need to deal with errors from
image data and introduced by processes producing 7 Sensor Integration
partial interpretation.

" All components of the interpretation system should be Representations and techniques for combining vision, range,
able to deal with the changing nature of dynamic data tactile, and other sensory information are being studied.

and the reorganization of interpretations that occur Representations that wil allow easy inference using multi-
sensors are not known. Representations that will facilitatecombining multi-sensor information for planning and recog-

nition tasks using partial information obtained from each

6 Vision Computer Architecture source are key to the success of sensor fusion. Techniques to
combine uncertain and imprecise information are being de-

The real-time application of image understanding algorithms veloped using nonmonotonic and probabilistic approaches.
requires computer hardware that allows the algorithms to be Methods that try to combine beliefs and disbeliefs using un-
executed at high speed. The NCUBE machine is being used certainty calculus for solving problems in distributed prob-
to study hypercube architectures for the implementation of lem solving systems are being studied.
vision algorithms. Computer vision and knowledge-based systems have to

This research is concerned with developing techniques deal with uncertain and imprecise data in almost all phases
to perform computer vision computations on loosely and of reasoning. Many approaches, such as Bayesian methods,
tightly coupled parallel procemors. The size of data sets fuzzy logic, Dempster-Schaefer theory, and qualitative ap-
and the speed at which they can be created in current prob- proaches, have been proposed for d..aling with uncertainty.
lems --wamp even the fastest computers. The processing All of these approaches have their problems and advan-
power required to keep up with the input is greater than tages. Unfortunately, it is not clear which method is best
100 MIPS. This level of processing power is possible only for which types of applications. With the aim to under-
with some degree of parallelism. However, a rule of thumb is stand the strenghts and weaknesses of each approach, a Ian-
that parallel processors can rarely sustain an efficiency level guage called ULOG is being developed that will implement
of greater than 20% [381; thus the machine needs to have uncertain variables in a PROLOG type environment. The
a peak power of about 500 MIPS. Normally the number of ULOG language allows a user to c&iange the algorithm used



Figure 4: A range image and its segmentation using Besl's
and Jain's algorithm are shown in the top-left and bot-
tom-right corners respectively. Using the polynomial de-
scriptors of the segmented surfaces, the original image is
reconstructed. This is shown at top-right.

Figure 5: This figure shows an image showing the classifi-
ration of solder joints by our algorithm.

Figure 6: This figure shows an imiage showing-two SEM
images of a section of a wafer and the 3-D surface structure
as reconstructed using our semn stereo algorithm.
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NASA SYSTEMS AUTONOMY DEMONSTRATION PROJECT: DEVELOPMENT OF
SPACE STATION AUTOMATION TECHNOLOGY

John S. Bull,' Richard Brown," Peter Friedlandt Carla M. Wong,

William Bates,* Kathleen J. Healey, and Paul Marshall

Abstract interface technologies for Systems Automation will
be developed by knowledge engineers, Al research-

Congress has displayed substantial interest ers, and human factors researchers at ARC by rely-

in accelerating the dissemination of advanced ing on a close working relationship with the

automation technology throughout United States domain experts, knowledge and integration engi-

industries. The Space Station was selected as the neers, and mission operations personnel at JSC.

nigh-technology program to serve as a highly visi-

ble demonstration of advanced automation, and spur This paper provides an overview of the NASA

dissemination of the technology to the private Systems Autonomy Demonstration Project, and

sector. NASA has recently initiated an Automation describes general details of the 1988 TCS Demon-

and Robotics Program to serve as the principal stration including expert system functional objec-

Research and Technology program contributing to tives, system concept, and development plans.

Space Station automation.

The potential benefits of autonomy in terms Introduction

of increased capability, safety, reliability,

efficiency, and cost savings for operational sys- In keeping with the mandates of the Nationa.

tems on the Space -ration has given strong impetus Aeronautics and Space Act of 1958 and the National

to the development of a Project for feasibility Space Strategy approved by the President and Con-

demonstrations of automation technology. Addi- gress in 1984, NASA has set for itself a major

tional strong motivation was given by the report goal of "conducting effective and productive space

and recommendations to Congress by the Advanced applications and technology programs which con-

Technology Advisory Committee (ATAC): "The devel- tribute materially toward U.S. leadership and

opment of the Space Station offers a -hance, both security."

to advance the technology of automati and robot-

ics as proposed by Congress and to put the tech- The Report of the National Commission on

nology to use. The use of advanced automation and Space (May 1986) in its vision of the next

robotics technology in the Space Station would 50 years on space strongly recommends an integra-

thereby provide a logical driving force for a new tion of humans and machines through automation and

generation of machine intelligence, robotics, robotics. Specifically it is recommended that

computer science, and microelectronics." "NASA explore the limits of expert systems, and

tele-presence or tele-science for remote opera-

The NASA Systems Autonomy Demonstration Proj- tions, including ties to spacecraft and ground

ect has been initiated in response to this Con- laboratories."

gressional interest and ATAC recommendations for

Space Station automation technology demonstra- Congress has displayed substantial interest

tions. The demonstrations will begin with the in accelerating the dissemination of advanced

testbed for the Space Station Tb'r',ial Control automation technology within United States indus-

System (TCS) in 1988. Additional demonstrations tries. Space Station was selected as the high-

are scheduled for 1990, 1993, and 1996. The 1990 technology program to serve as a highly visible

demonstration will involve coordinated control of demonstration of advanced automation, and spur

two Space Station subsystems through cooperating dissemination of the technology to the private

expert systems, the 1993 demonstration will sector. NASA has recently initiated an Automation

involve hierarchical automation of multiple sub- and Robotics Program to serve as the principal

systems, and the 1996 demonstration will involve Research and Technology program contributing to

distributed automation of multiple subsystems. Space Station automation.

The 1988 TCS Demonstration will be a joint The potential benefits of autonomy in terms

cooperative effort between NASA Ames Research of increased capability, safety, reliability,

Center (ARC) and NASA Johnson Space Center efficiency, and cost savings for operational sys-

(JSC). Knowledge-engineering and operator- tems on the Space Station has given strong impetus

to the development of a Project for feasibility

demonstrations of automation technology. Addi-

tional strong motivation was given by the report

*Aerospace Engineer. Member AIAA. and recommendations to Congress by the Advanced

*Aerospace Engineer. Technology Advisory Committee (ATAC): "The devel-
tResearch Scientist. opment of the Space Station offers a chance, both
*Engineer. to advance the technology of automation and robot-

This paper is declared a work of the U.S. Government and ics as proposed by Congress and to put the

therefore is in the public domain
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puCC!r sc,-,nce, in r c 9cj ~ .3
The Systems Autonomy emonscrn .Qr:

In e \A-" vs.n ',n' ,'r -rr 3~ ',u ' will1 be a 2o in t, coone-it ic *4i n tt.

cct nA s 0e o7 t: Aed n respos' Is n Con- research and operat ora NASA 7entr. he

rec o)1 i :r sC inc o o.,- eoo e c'C ions :'or required A[ technolog:es . !i be *-veiopec ro

Space i t c ' i cn rei r noogy 1 m ccnstra- implemented by knowledge engineers, and A! -nd

-:ors. Re e-or'trrt:Crs P-. e rn Itth te human factors researchers at ARC; whiLe relying

teamed :ar toe Space Station tnermai control upon the domain experts, Know-edge ird

system I:cs in 1 88. ,o.....ai 1emons-rations engineers, and mission operations persorne e.

ire3sceZue -or " ,,C.. -ire i. 0 ing at operational NASA Centers.

nontratln il. invorve coo:nJiatei control of

two Spaice Station S~bsyst ms toirougn cooperating The SADP project approach will invoive a

exper, systems, the 1993 demonstration will multidisciplinary integration of knowledge eng-

involve hierarchical automation of multiple sub- neering, man/machine interfaces, and systems

systems, and the 1996 demonstration will involve architecture to enhance automation of the Space

distributed automation of multiple subsystems. Station.

7he '?88 TCS Demonstration will be a ioint Fach project demonstration will proceed

cooperative effort between NASA Ames Research through a phased knowledge engineering methodology

Center (ARC) and NASA Johnson Space Center consisting of: prototype knowledge base develop-

iJSC). Knowledge-engineering and operator- ment, incremental knowledge base expansion, paral-

interface technologies for Systems Automation will lel operator interface development, and imp-emen-

be developed by knowledge engineers, A! research- tation in a realistic environment. Initial Al

era, and human factors researchers at ARC by rely- system development will be carried out in-nouse so

ing on a close working relationship with the as to develop a strong tecnnical case withirn NASA.

domain experts, knowledge and integration engi-
neers. and mission operations personnel at CSC. Demonstrations will involve interaction with

both experts and novice personnel representing

The TCS Automation involves the implementa- mission operations, automated flight subsystems,

tion of current Al technology into the real-time and automated sciences. This interaction with

dynamic environment of a complex electrical- astronauts and ground crew is a critical component

mechanical Space Station system. The TCS includes of the project to ensure that the human interface

real-timc nominal control, fault diagnosis and (man-machine) issues are properly addressed.

correction of real-time problems, design and

reconfiguration advice on the thermal testbed SADP Demonstration Selection Criteria

(TTB), and an intelligent interface to both novice

and expert users. The TCS Demonstration will he folongtrtia l e d

accelerate the transfer of Systems Autonomy selecting demonstrations:

research technologies to user applications in a

real-time operational environment, and increase tecProv ie
user confidence in the new technologies, technologies

2. Illustrate gains in human productivity

and reductions in manpower requirements
Systems Autonomy Demonstration (SADP) resulting from automation

o oeotr 3. Have access to domain experts

Pro i4. Requires no unattainable personnel and

Objlectives equipment resources

5. Leave a framework of people and tools

.he objectives of the Systems Autonomy Demon- which will facilitate future technology

stration Project are to provide: transfer

6. Transfer developed technology to the

Technical base of in-house personnel and Space Station

development tools to facilitate AI tech-

nology transfer SADP Management

2. Technology focus for Automation Research
and evelpmet insupprt f NAA'SThe information Sciences and Human Factors

Space Programs Division of NASA's Office of Aeronautics and Space
3. Means for validation and demonstration of Technology provides overall direction, funding,

3. Meatifon Technoiogy p r tmontratnf and evaluation of the Systems Autonomy Demonstra-
Atoatony Te o gy ption Project being managed by the Systems Autonomy
to Ag incy programs Demonstration Project Office in the Information

. Credibility of Automation Technology Sciences Office at ARC.

within NASA

2
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]iar .,. i,, i -,,; a vIi.3< a-, 'om~an r Know Ledge eng ineer ing a-d jAon-cnor - rt. i C

Ex P er, , seve lopmen t are be ,ng done Dy tno a~i

2. TCS s ow vmc reduce tocinica_~s. tne Artificoal fntte> 3,nce Ie~earcn '

3 Ade.'uI~ 17rsz _, ~- resotirces an- .ppo pr I !rum t he At-,roD.i ' c Lrun ?:t i

avail1able it 'ARC.- Th. Svstens i.'ve cmrt 1_ _,-

4.Demosrat or i mat ches .e~ an LisI oratSC roA.-s support i.i r i
TTB ' hteSD fice at ARC ,r. trhe ~ eg'

-. Environment Cor interfaice iith Space reer ing and expert system deveoo.er:. n-'- it
Station Data 4anagemnt, netedte TCDro ject and proiLes tes tt ej n-

t ion. 7he Mission Operations Directs)rite
25Dmonstration TeChni.2.1 Db-ect ,es provides consultation inc .,cv-ce or :-"

and technology advancements in o)perat2-rs 3A
.onnca onecti;es 3_" .15 .i._tor.n "n t ion and the application of thesa, tcr.c.

Deosrt:current Mission o * erations' phillosopny totne

TCS. Thie general TCS approach is snown . .
Real-t Lme nomins cort: 0. nd -cr.-
-at lon :'or :ci r I i;e -. .:n0 noD's

mcdTh.e ma.1or facility required for zne-_'S

3.Trend analysis incipiert Cai.:re Demonstration is the TTB being construicted at
prevention JSC . The 77B includes the following subs/at.'rs:

4. Intelligent interface to both 'novice and 1) Thermal System Test Articles (pum.S
expert users evaporators, condensers. Dusses). and 2) aai

5. Design advice on 7T Acquisition and Control Saytem.
6. Trai.ning assistance

A facility is located at ARC for cevelopment
Technology Thrusts of the Thermal Expert System (TEXSYS). 7his

facility will consist of 1) AT H-W'SWi develooment
The ma or teonnology thrusts of tne TStools and 2) a simulation HW. model of tne 7T2

Demonstration are: for TEXSYS development and validation.

Integration of knowledge base systems TCS Schedule
into a real-time environment

2. Causal modeling of complex components and The broad overall TCS Demonstration Pro.ject

elemen ts Schedule is shown in Fig. 2

3.Combining model-based and experiential
knowledge for diagnosis Success Criteria

Tren vaiatyin mehodolies Programmnatic success criteria, althougn more
5.A aiain-ehdlge difficult to define than technical success cri-

TrS Automation Benefits teria (meeting system specifications), is of equal
importance. These criteria are the incorporation

The major benefits of TCS Automation are: of systems autonomy technology (developed as a
result of and demonstrated during the TCS Demon-

1.Reduces need for crew and ground monitor- stration) in various Space Station subsystems and

ing of TCS systems. This criteria does not imply direct

2. increases crew safety through improved incorporation of TEXSYS, or any part thereof.

systems monitoring Rather, it implies an influence on Space Station

3. Provides TCS design assistance Project Offices, measured by the incorporation of
4. Simplifies nojice- and expert-user autonomy requirements in subsystem requirements

training documents and the inclusion of automation in the
design and development of those subsystems.

TCS M1anagement Organization

Ehe Thermal Control System (TCS) Demonstra- Discussion
t,,on Project is managed by the SADP Office at ARC
in a close working relationship with Aerospace This section discusses the Tr.S System Con-

't~iman Factors Division at ARC, the Crew and Fher- cept, Specific Technical Objectives. Develoo)ment
mai 5ystems ilvision at JSC. the Systems Plan, and Status.
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a n 1 ' -m 3 tnY yr g component ird 7115 system o-nav ior , ird pro-

vide guidance in 7riking !ec:s',oqs .ntv ner-
,t. r~m management. 7The ir-er!fwe .wil n&e a "dir-ect

man :pLation" ety I interfae. rc0.:n''~us,'-
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- ' .c~Sr riet a: se"-~~ 'henr intorrfice wil uhow Lsofnit )c'c t'.cr
ir 7t3Ln ot' In SKI, ;eVel Oft' -', Ser.

n -D -;a-Y Trairling Assistance. A benet oial side

~i i" ~ .a'"<.cI ectof' knowledge-based systems is that the

krnowledge bases have substantial utility for
heral antal xcet Sste Ibestves futretraining purposes with the system. Thep

-he heral _ontol xper Eytem EX3YS) Information display ciapanilities will demonstrate
row the knowiedge-baseC I'CS x 'o er t sy -51 - ca n ta

.-xi.ege-nased fainctiors witn n tnie :123 Sr.: .3ed "or purposes of' crew and grouno 'seDratcr

S~gois ard FauLi- Orrest :on ' raining in the context ot' Space StanliD-.
Dii~nos Tri ' ees will be able to examine JateA anid s:muamt

- the effects of all known faults.
. rend Analysis
N.~ ominal Real-Time Controi arc Fau~t fein~ssac. Teetn -so

"orrect ion - ovc-ndmodel1ing and simulation know..edge oasae nrovides
nrtei.xgnt interface t, 'lv-ean ubstantial capacity for intelligent Issisatarce
Expert 'isers the desi 'gn engineer using thie -19. The :nforma-
raiLn .ng Ass istance t~ion and display capaoli:es 11l Jlemronstrate nn ,

D esign Assistance ability to automatically reflect new pnysical

!eaiit~es resulting from design changes; d-ir~rn
Dmi nos~s and F ault Correct.,on Adlv~ce. The system configurat.ion change investigati x-s.

-,i nave :auits in tnree major categories:
a.ruoens, control malfunct ions, and sensor mnal- TEXSYS Conceptual Configuration with the TTB

:nctons. The TCS demonstration will show
-~Xpert-evel ao~iity to diagnose and suggest con- The conceptual configuration of T.EXSYS witn: n
r-'otive act:ons -n approximately 25 to 30 common the TTB is shown in Fig. 4i.

aL3, representing essentially all major
oleqs 7f 7TI3 fa-ures. Individual test articles are directly con-

nected to control computers -microVAXes, which
c irn e~jre Prevention. Hua ens tiien connect to an Ethernet. A DACS ccm-puter (A

~r~t~r2. ~ypoor 1 the slow and careful anal- larger microVAX 11) acts as a system controiler,

ari n. eeded no prevent low frequency central data router, and command queuer for the
m-o noma..,es from escalating into problems. TTB. The TEXSYS initially running on a special-

:oc',-'n:a. ;-tre'rgtn of' a knowledge-based systems ized LISP machine will be connected via standard
,ioprcmicr to thermal man-agement is the use of trenc DECnet protocols to the Ethernet. The machine may
t-iCV3is no detect long-term degradation and receive data from the DACS system and pass com-

'~'r'f~urt~o as'-~iird t prerlent system mands to the DACS system. if this routing strat-
oammt r romi exceeding operational limits. T he egy is not sufficiently fast ur powerful, data
:o-nstrat:on 4:11 exhibit "offl-ne" (i.e., during will be received from and commands passed directly
7o, lis time-u) analvs,,s of' trends to detect to the test article controllers.

ronJavalie3 to make corrections to the thpr-
"'in ;-istem ::efore 3erious problems result. Another possibility for increasing speed

would be the use of a rLiventional computer as a
-ea ~ De o'trol :and Fault Correction. The front-end processor (FEP) along with a LISP

'-tn' n -. exhibit real-time nominal con- machine. Such an arrangement could be iseful if
is Jw!, is eil-time correction of at least the major speed bottleneck turns out to be in

11nr -r ye rajor failire classes of' the thermal handling the raw data from DACS. The FEP could

.n tne context of the thermal system, handle preprocessing task.s to reduce the raw data
''-n-e _i-, matter of sepconds. The TCS expert to a compressed amount of information that can be

l, ;ncm _i.i anaiyze actiial sensor data, notice and handled by the expert system. It might be possi-
1. ,"a-e nolem's, -and correct (or bypass) po- ble that the DACS itself could provide this data
ny ie71ing 7!ontrol 7ignais to the thermal reduction. Further investigation of this area

;ysne~..will ue necessary.
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n. , : ; .. 2 ;o - nv ronr me prov~ces

rmnt 7"er. I'l :5s " C"ec .' 'it iI [ tne WORTAN 'leneral Development Plan

i o r r) t 7-s trat are _ised: to send the proper
rn: ratIon requests and ! co::'ig nt ion commands in any knowledge engineering proe-ct the ork

It uJisV tem. conrollers vii tre n trner r t. proceeds oy incremental r-finement or a re!a tve'.y
simple system, adding knowledge and ccnsequentiy

TEXS:S K-cwLeje Pase ability for increased performare; and oy carryng

out research In how to better combine types o.
7he 'rigSy nowledge nase will rely to k knowledge and reasoning methndologies.

_. I nr'e -nzth xoerlential heuristic rules

n a3a "r :!oe-based reasoning. The initial As one of the largest knowledge engineen:ne
E '..oi .' ;e : .o-n sed, nerarchi- projects yet attempted, this demorstratior
• . 'r........"r

t
t f krcwl- ise the previously described approach, arc w_ .

.d
.

, r?- O Te-'t. tnt -?a~n :tructdraL also proceed along tradltional project del lpens
IIor .trr. Wit~m, )r ,1-4n class or" methods: definition of tne problem, s'pc:,.

-or.nent5, _3 :'Drecente2y I co llct on rIf of system requirements, definition af 3y-t3m .;pe-

.T :tive md axt..at.;e racts aort te corn- cifications, development, validation, ;:teraton,
,)onen . -'rarc- c me.ns 'riat -'cn eltTy 1s checkout, and demonstration-

not repr -? I -:e ~te st- ern ,M. OUt is I tree

c ;''ctr . 7i-,-, rted sans trat both Specific Develo,ment Plan
'c' n ia r tr ccrmi orowe-cI, ire accessed

trr ',gn -- cvm.re rchanisms. Flg.re rsws esam- Ihe development and demonstration of the

p,.1s now tre Knowaetoe oase 3 ;unjlv'ded into TEXSYS syltem will be accomplished throupn -s.x

therma ru-e, s and comoonent models, major stages, most of which are r-parateo by mria.or
project reviews. Thrse stages iiclude:

7E<Sfl Mode.ing and limuatlon
1. Prototype Development Stage

The ass ol i.: mode;ing and simulation in 2. Requirements Definition Stage
YEXSfS is tne stu-; ur-ml ind 'ctional knowledge 3. System Specification Stage

0nie. Par of te .nowedg-bsed construct or 4. Intial-System Development Stage
'1;K is to I n.lnters to relevant, existing 5. Final-System Development Stage
-'ith-'matI--i. -c-: to f:rst Drinciples of ther- 6. Demonstration Stage

.-. e'ns'.ine'r i, m to en;r:Jtics !or parameter
profat~at;n, or i conponents and subsystems Prototype Development Stag e. As a first step
.nvo.jej .n tnermal manageme.nt. Simulation in any in the problem definition and incremental engi-

of those cases proceeds ;n a straightforward, neering process, a small but significant prototype
.oblect-or:ented manrer. his means that a "simu- was constructed in June and July of 1986. Ihe

ite you-re .
' 

"essage gets passed to the re'evant objectives of the prototype development were:

stritore tht :-: t: -a' modeled and proceduial

Kow edee is" t'ne irproprate form is activated. 1. To learn significantly more, directly

For, 7:.a..itstleodel, this process is normally a from an expert, about the TTB environment
to i FOrT=AN jibroutine; however, for quali- and about thermal engineerng, especial'y

ti',e ,:krosa. moes, software tool- convert laws as related to two-phase thermal systems

'" hermal i ; enc's nto actiois; ,nd for heuris- on Space Station

, . ,nrop.g2~2: n r i ,ar et,:rs, rCrward chaining is 2. To provide knowledge engineering training
aorm.a" 1 at ii: - for ARC RI SADP personnel in a practical,

problem-oriented environment
The m,,st l: 'flc- ;t technical task will he the 3. lo build a working prototype system that

would serve as a starting point for

trt.: :.d f;;,ctana, Knowledge, and develop- future work
,Is , -:t',er'nrr j1-, t hat knowledge).

ri;ni ril sie-tion of whicn of the three An analysis was marle of' probable TEXSYS rune-

,/ 2 aIo; mud".; 'neirloti, ,jalitative. or quan- tional and performance requirements, vcailable
- / t: . ;e !or any iimulaition, ind to select hardware, software, expert-system building tools,
r" , , rcrr,*r ;m,*' : Iiit.ori )I information from and training and engineering ssppo't. Based on

-K," :-iection itself will this analysis, a selection was mad- as to the
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S y.te7r Recuirements Definition Sta e. "he ~
next step in the eve~opment and demonstrati'or

'n XSYS 3yst."m ;ithe formal and snecfic J-:. - 'x. : now ed-ge base of Ithe " (Der, 3-V

itjnor requirements. Particular care WL' :- 5. O-e .ac In conjunction w,.tn Ine Ah_

:oaid to, :flter!OCes to the operator, to the 7CS -.c J - zgifieers, the domain experts, i l o.

Testtoed computers, to real-time data collect ,nn ' ports to improve the know'io"-
ind TEXSYS crerformance requirements, and to !"-:Pt - "or te doma in expert ise, n -n

mrc~tet~r : trict.ure of the TEXSYS Kncwl-sdge C07.'petoJCe Of the expert .ys-n

vase ~'," iat ,res w i tIe documented ;n t1.. ."--n 'o : nal test and deronstrat r"7

__X _S ,07 i i roments Defin it ion inc, w i ,n- a ',. fte T is slce

t5-wi t tre3SY System Requirement;'; 3, t~ b.. nive tne Knowledge base iilapea

;--it on by joint offort2 0.
.-'-m .2lec if:i LOn 3 tage. Fc ow.,ac n "r ,Ifunn cosp-aa--

su ccessfj a sconti. :sment of the 5Db. woo.: r rnm . trne doma in expserts ana r
sn It to tre 7ererat ion of a system des Lgo, -

.', ejign of the knowledwo base arch:-tee
tsr;.:)ec1 i ,u .in-erflces WiLth necessary ut:..- -'. '- he ier ifricat ion and va. idat: Jr

t~~s tor y~tSmand the human operator or "es: -o3 ne per! orrned on the F ina i demnonat"-

iser Df *re TEXSYS, and the structure and fornat a" )7- con~figuration jointly by ARC and 3:
of data to oe used as real-time input and out- enr5.0 tn.t he expert-3ystem knowledge nase

put. This stage will be documented in the TEXSYS in-t. c correct. After passing tnese tes's,

System Design Specification whi(,h will also L - TE11&Sshsl be considered ready for the .a.7 '<-

ify the del~vsr.y nardware and software. This d-csttonphase.

itage Is completed at PDR.
.'sphase of the TEXSYS development will

initial System Development Stage. The ini- conc'-iae with the TCS Operational Readiness F'ev:e-w

tiair 7oXfS development activities will consist Of (ORR). The ORR will examine all TMS Derlonstrala'

procurement of test and demonstration hardware in.. an... ities to determine the readiness of' the sy-;

softwaire, and include two major phases of know!- tom. the procedures and locumentation, and tne

edge base develipment. The development activities personnel for the conduct of' the operational1 Phase
at ARC will concentrate on development of T1EXSYS of tne TCS Demonstration.
Knowledge bases and the human interface to TEXSYS,

while jSC will take the lead in developing the 17CS Demonstration Stage. After successful

software needed to integrate and interact with the completion of the ORR, toe final phase, the Demon-

rea.;-time systems with which the TEXSYS will stration Phase, will begin. This stage, conducted

interface, jointly by ARC and JSC, will include the demon-
stration operations, and the post demonstration

Phase one of the knowledge base development analysis and review.

will consist of the acquisition and organizacion
of knowiedge ablout the TCS Testbed components and The operations stage will involve the actual

topology, -and the development of rules for detect- conduct and documentation of the TEXSYS ir manage-

ing and diagnns ng probiems. During this phase a ent and control of the TCS Testbed. The analysis

.ttcknowledge base will be used for testing and review phase will provide an integrated retro-

Purposes. spective inalysis of the system capabilities, and
the development process, to provide insight into

Phase two will include the modification of the effectiveness of the TEXSYS in management and

the system to successfully accommiodate real-time control of the TCS Testbed ana to identify

o:peration and the provision of simulated dynamic improvements that can be made in later phases of

data to test this major enhancement. This stage the SADP project activities.

is complete at CDR.

Final System Development. After completion
of the (J)P anid del ivery, installation, and check-
ouit of th, rIFS Demonstration software ait JIC, the
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SERVICE/EXPERIMENT
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Fig. 3 Schematic of Space Station thermal management.
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Fig. 4I TEXSYS conceptual configuration in TCS Testbed.
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Fig. 5 TEXSYS knowledge base example.
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Hierarchical Classification: Its

Usefulness for Diagnosis

and Sensor ValidationI

13 Chandrasekaran and W F Punch( Ill

L..ihirtor !o'. r \rti'ici In .ek ,ence Re-carch

Abstract I fferarchical 'la.i ication i, tindin I hi. categorlc-

\ i~oiii'r ,I .. -. cc 'he de (..omenr a pithitui ini claiflic tion h aliii ch that .,ppl\ t, 'he

.aoing iystems have emerged over the last decade in ituation beng dnalyzea rhe tool fur clabbficatiun

Al This paper will examine one such view, the concept is CSRL [41 (Conceptual Structures Representation

of the generic task. one of a small set of ubiquitous Language) A significant portion of expert systems

cognitive tasks that together account for some part of such as MYCIN 1161 and PROSPECTOR 191 can be

human cognition In particular, we will show how viewed asclassification
2

hierarchical classification is one such generic task and
how t I useul or iagnsis We illals sho tht a2 Plan Selection and Refinement is designing an object

how it is useful for diagnosis. We will also show that a uigheacia lnig ISL11Dsg

diagnostic system based on hierarchical classification using hierarchical planning DSPL(21 Design

naturally lends itself to solving a number of issues Specialists and Plans Languagei is the tool for this
traditionallv associated with sensor ilidation grneric task The task performed by the expert

system MOLGEN1I01 and RI 1121 can he viewed in
this way

1. Introduction 3 Knowledge -Directed Inf-ormation Passing :s

The current generation of expert system languages - - those determining the attribute of some datum based on

toat are based on rules, frames, or logic - - do not distinguish the attributes of conceptualy - related data The

net~een different tpes of knowledge-based reasoning For tool for this generic task is IDABLE Intelligent

,xxampe. ,one would expect that the task of designing a car would DAta Base [-anguagl l This tak is often i~ed in

require s gnificantly different reasoning strategies than the task support of other tasks ucn as classification or

0)f diagtiosing a malfunction in a car However. these design

methodoogies apply the same strategy tre the rules whose 4 Hypothesis M'atching is matching hypotheses to a
conditions match, run resolution engine on all propositions etc situation using an hierarchical representation of
-o both design and diagnosis, as well as any other task Because evidence abstractions The tool for this task is
if this. .t has been argued that these methodologies, although HYPER HYPothesis maTchER) Expert system

.ieful, are rather low level with respect to modeling the needed PIP1191 can be viewed as performing this task at
,ask - evel behavior In essence, these systems resemble an some stage in itsreasonig

a sembly language for writing expert systems While obviously
iseful. clearly approaches that more directly address the higher 5. Hypothesis Assemrbly is constructing composite

.esei siues of knowledge-based reasoning are needed for the hypotheses in order to account for some set of data
next generation of'Al development PEIRCE [131 is the tool for this task

INTERNIST [II and DENDRAL[31 systems largely

One example of a higher level approach is the generic task 161. perform this task.
The aim here is to identify "building blocks" of reasoning types
,uch that each of the types is both generic and widely useful as As an example of the generic task concept, this paper will
components of complex reasoning tasks We have identified to address the problem of diagnosis and how hierarchical
date six such generic strategies, which together account for a very classification solves some part of that problem Furthermore, we

arge portion of current expert system capabilities Fach generic will discuss how the problem of sensor validation naturally
task is characterized by integrates into a hierarchical classification of diagnosis In such

I The kinds of information required as input for the an integration, a level of abstraction is provided that goes one

task and the information produced as a result of step beyond traditional approaches that rely strictly on hardware
performing the task redundancy

2 A way to represent and organize the knowledge that
is needed to perform the generic task. 2. Classificatory Problem Solving

3 The process (algorithm, control, problem solvingl Diagnosis as a classification problem solving task is a matching

that the task uses of the data of the problem against a set of malfunctions (i e
diseases, system failures etc) If the present data is classified as a

As each task and its associated structure is identified, known malfunction, then the diagnosis is completed. Note that

languages are developed that encode both the problem solving this is a compiled approach to diagnosis as it requires that the

strategy and knowledge that is appropriate for solving problems possible malfunctions of the particular domain be pre-
of that type. These languages facilitate expert system enumerated. Other less well defined problems require a deeper
development by giving the knowledge engineer access to tools model that relies on first principles (physic, chemistry etc.) and
which work at the level of the problem, not the level of the
machine Below is a list of the generic tasks that have already
been identified and the tools that correspond to them:

'Copyright fCl 1987 B Chandrasekaran and W F Punch III 
2 in fact, Clancey[71 has specifically analyzed MYCIN and

shown it to be a kind of classification problem solving



.rlr-7n..1 r 'in .- '.n i nit'2.3. TVhe Control Strategy of ~eac~a
ClIass ific atio n

ir .'.noie. vz nr ~iro za'a t -in'. 1- mr '. . r r )h n Ih. I,i -- t hat 't n sn o w 1ed e 'iht? .- n
rit r -.. , .a..t..i!;'t -I-, ' tii-i't.-7.~u e~ Peciahists int a ir irc.nv 'iw ain r,. '.*

-,r-k,-n Piioin i~~.il~'th r'it flo-' '-. r- ho'.!.i, 't i~re This OrOCr-. i, prirnar!li it n, onc rr,,. .

te pritilern l'h.e asneric a-k:hairac't-r-!, c- K-: tier. irchaii i i iiei efnmn cailed "ii'/ ' - i

~-.:ic' in re i~ " .ai t that .'rah!Lihes is- hIptrt.w. .- ,, rn

j.i' ''/ts .telf ie 'Actii''g 7:- 'a f,

1:1 Ia i D ~ec a i it tha t ru ite i ir f r
.2.1I. Information Required and Rehults Yielded hrai t w oritence .i ue, do- !1i ,(I 'ii -

, ii~ ; i-iift-, , vq i t4. np.. j (1t te rp - -.- - J '- rUs -0 ,ug 'ndt .- it 1 . . . . .

P -t.rIen-m I, ne - is ed N\It ur )i ' , 4 -- i th is t- k \ ld- ~I& IH~ it -n for t hi. beco ,i- i) ,,- rien *,. , -ir

'-' 1--i is- .''. It''.< '1 tpls 'h. '. p-ciak.ts are , iani/ed Yht, iinsh%'r: -. .

1 en diat a Pi Wuenio for exanipie. are tiniply tiioi e uetaiied pteesi
there is no evidence for Fuel System Problems it :i ruied outi.
hen there is no point in examining notre u'i -

2.2. Knowledge Required and its Organization about failures of the fuel svtem

rhe ::--iiie, requires a pre -enumerated list it'!he categories
ra w:. he ii-ins' 1urinermore. these cate.gor:esi mnud no The process if establtih -reline :mn.nle-. Ami -oiar

.'.,ani7,ed ,nto at irerarcn in whin the ijrne 'ne refinements can take pace [his can occur 'ih r lbs - acr:!1

;nirides, of a node represent -ubhy Iptneses of' 'he purrIitf i e the iD level hn'ypotheses of the nierarch,, :r b.r" t Ati

not-r rde, tigure I iilustrates A !ragment of a tree frim a nerarchv tispotheses
.'~'unc.ca-it ication . ,-tern for the diagnosis 4 Foiei

-i% ,'em trait' tnction, in a car ign

3. CSRL. a Language Tool for Hierarchical
Classification Systemns

CSRL, Conceptual Structure Repr--nts'iltrrz:.

Fuel Syste Problemsans uage for writinz hierarchical 6a--.it-at,n*''r -- n
FuelSysem robems\s -ucn, it allows a knowledge enginecer ) cio thtrr,-

I Create a hierarchy of malfunction lhs puth'- e, mt

Sad Fuel Problems Fuel Mixture Problems part icular domain

2 Encode the pattern matching knio~ledge !'or saih
hypothesis into a specialist

Low Octane Water in Fuel Dirt in Fuel 3Cnrltepoesi salihr!it )o~r

solving

Figre : ragentf~ei . Scmcla.i~-iatin ree3.1. Encoding the Hierarchy of.Nialfunctions
In CSRL, a hierarchical classil-ication -.s stein tpme.In'

h ndividually defining a s;pecialist fo r "ach. n-afui.: nc iin
N,,te that as the hierarchy i, traser~ed from the top down, th e hypothesis The super- and sub- -peciasts fd a pecwalist are

-a'egories or in 1.s oarticiar case ny> otheses about the failure declared within the definition Figure I is a -. eleton A, t
,I 'he tui -.- em ecome more 4peciflic Tlius the children of the -pecialist definition for the Bad Fuel node f'rom Fiszure I The

ptesBad Fuei Problems can he broken into more -pecitic 'Pc!are secinseiisisrltosi~c nr-tc-vt

L
t
e;o w O)ctane. Water n Fuel and Dir' in Fuel The other sectionisofthe speciai1SL will he exam-ied latier

Fanriode in be 'tierarch v as responsible for calculat ing .he
fj4,e tit' or COrtfdertce Lalas of the h~ potheses that the node (

:i'pr'~ent%; l'ur examnple, the Bad Fuel Problems node is (pecialist BadFuel

-,on.,ibie fur determining :f there is a bad fuel problem and the (declare (superspecialist FuelSystem)

u mcof -rnfidi nce it has in that decision Each node can he(ubpcast Lo cte arnul
*-ougnt oft as an expert in determining if the hypothesis it Dirt EnFuel))
-pr ?%ient prpment For this reason, each node is termed a (kgs .. )

r. int r.,, joall domain Ti) create each specialist. (messages ..

,,nowiedgp iniu-t ne provided to moake this confidence value Figure 2: Skeleton specialist for 3adE'. e
!iict-ion Fbs generai idea is that each specialist specifies a list of

-. r-s 'rnat ire important in determining whether the
yiDt he-it. re~prpsents :; present and a list ot'patterris that map

u moination, .)f features to confidence values In the Fuel System
PrIrniems -p(eiai-.L.t ,ucb feat-ares might include gas mileage Designing a classification hierarchy is an important part 'it

qr nhemis, pioir perturmance, difficulty in -tarting the engine etc building a CSRL. expert system, but the exact structure of the
I 'iv,_ pattern mrignt 00 tniat if ail the features are present, then the final system is a pragmatic decision rather than a search for the

f-.e isytem Pruinlet, hs~potnesis is likely nri'fect hierarchy The main criterion for esaiuating a
classification hierarchy is whether enough evidence is normally
available to make confident decisions To decompose a mspecialist

into its subspecialists, the simplest method is to ask the domain
expert what subhypotheses should be considered next T:,e
subhypotheses should be subtypes of the specialist's hypothesis.

3
,Space and time limitation:'. mit this paper to the compiled and will usually differ from one another based on a ingle

-us stem t.supr, ee reference i 141 for a detailed discussion of the attribute (e g , location, cause)

'leop model issues and computational strategies



3.2. Encoding Pattern - Match Knowledge r", - tn ... i_ :. . ::, , -. ,
The Know iedge groups in the Kgs ,ect on contain ownc dg e h r T ,a ,). toedz non ir I 'i-e .n. . ,.

*nat matches the features of a specialist against the case data group an consequentl tle col d.rce .. a e 'I .

Eacn knowledge group is used to determine a confidence vaiue For Indicating that a had fuel problem I er !kei

,ome subset of features used by the specialist As such. a
Sncwledge roup becomes an abstraction 4., P, idence.

-pri-entlng an _'ti'ntal abstraction of a particular -et (I (sum ary Table
• ,'ures mi)rtant to establishing the speciaiist A knowledve (match relevant gas

_r,,p s ,:pernented is t, cluster of production rules that m~ips with (if 3 (GE 0)

.' i .tue, ,'1" i ,t ," 'xpressons boolean and arithmetic then 3

;,,r in atj. alue 4 ,ithcr koioiedt ,r'up, ' elsei f 1 (CE 0)

, ,-on ,n ,I ic"r~ie mhoitc r then 2
else if ? (LT O)

\i an example, Fgare l i, the rLe,san- knuwiedge 4roup,, then -3)))

he 3aaFuel specialist mentioned aboe It determines whether

-he symptoms of the automobile are consistent with bad Fuel

Problems The expressions in the match part queries the user Figure e: summary knowledge group,'iacFaei

wr.o acts as the database for this case) concerning whether the

car is slow to respond, starts hard, has knocking or pinging

5ounds, or has the problem when accelerating AskYNU? is a LISP This method of evidence combination allows the calculatonof

inction which asks the user for a Y, N', or U (unknown) answer he conmdence vaue to be hierarchtically organzed That i. e

rom the user, and translates the answer into T, F, or U. the re of a u e o f know l g g an e Th t ne

.alus f CRL' thee-aiied lgic(Noe tat ny ISP results of any number of knowledge grups can be -urther
.dues ,of CSRL's three -valued logic INote that any LISP

abstracted by a knowledge group that can combine their jaiue,
'unction may be used herel The results of the match expressions into a single confidence value

Are then compared to a condition list in the with part of the

snowiedge group For example, the first pattern "T ? T" in the

-igure t-ts whether the first match expression (AsKYNU? "Rs S
:.e :ar Slw to respond") is true (the ? means doesn't 3.3. Encoding of Establish- Refne Strategy

' ~~The .messages section of1 a specialist ontains a :it ',I n1,-a,

m atterl If so, then 34 becom es the value of the know ledge The du es s sect o specialist a l re- zd , ,

,rOL.. procedures which specif'Y how the specaiist wiil responol *
rouip Otherwise. subsequent patterns "1 T ?" or "7i are different messages from its superspeciaist E tabi -3ar ird

e~aluated The value of the knowledge group will be I if no rule
matces Tis nowldge rou encdesthe olloingmatcing Refine are the predlefine messages In CSRL though others mna

matches This knowledge group seodes the following matching be created by the user. The establish message procedure of a

knowledge specialist determines the confidence value Ii e the degree of fit, of

If the car is slow to respond or if the car starts hard, the specialist's hypothesis Figure 5 illustrates the establish

then BadFue! is not relevant in this case Otherwise, if message procedure of the BadFuel specialist relevant and

there are knocking or pinging sounds and ifthe problem summary are names of knowledge groups of BadFuel see

occurs while accelerating, then BadFuel is highly previous section). self is a keyword which refers to the name of

relevant In all other cases, BadFuel is only mildly the specialist. This procedure first tests the value of the

relevant relevant knowledge group. (If this knowledge group has not
already been evaluated, it is automatically evaluated at this
point. If it is greater than or equal to 0, then BadFuel's
confidence value is set to the value of the summary knowledge

(relevant Table group, else it is set to the value of the relevant knowledge

(match group. A value of +2 or -3 indicates that the specialist is

(AskYNtJ? "Is the car slow to respond") established. In this case, the procedure corresponds to the

(AskYNU? "Does the car start hard") following strategy

(And (AskYNU? "Do you hear knocking or

pinging sounds") First perform a preliminary check to make sure that

(AskYNU? "Does the problem occur while BadFuel is a relevant hypothesis to hold If it is not

accelerating")) (the relevant knowledge group is less than 0), then set

with (if T n ? BadFuel's confidence value to the degree of relevance
i th n 3 Otherwise, perform more complicated reasoning (the
then -3 summary knowledge group combines the values of other

elsei ? T knowledge groups) to determine BadFueI's confidencethen - 3 value.

elseif ? ? T
then 3

else 1)))
(Establish (if (GE relevant 0)

then (SetConfidence self siummiry)
Figure3: rejevant knowledge group ofBadFuel else (SetConfidence self relevant)))

Figure 4 is the summary knowledge group of BadFuel Its Figure5: Establish procedure of BadFuel

"atch expressions are the values of the relevant and gas

knowledge group Ithe latter queries the user about the temporal

relationship between the onset of the problem and when gas was The refine message procedure determines what subspecialists

ast bought). In this case, if the value of the relevant knowledge should be invoked and the messages they are sent Figure 6
shows a refine procedure which is a simplified version of the one

that BadFuel uses. subspecialists isa keyword which refers
to the subspecialists of the current specialist The procedure calls

4
In this case, the values assigned are on a discrete scale from each subspecialist with an establish message If the

-3 to 3, -3 representing ruled-out and 3 representing subspecialist establishes itself(+? tests if theconfidence value is

confirmed +2 or -31, then it is sent a refine message



(Refine (for specialist in aubspectalist3 It should be noted Wiat )f tne !'olJwir .i.,,''. \ -' .n -

do (Call specialist with Establish) ALrictlv a pedagogical stem the \ ;e:ear I' *nir .o .a

(if (+? specialist) Engineering systems are initial 'i.:r'r, ' .

then (Calt specialist leveloped iystems and Red. WEL[DEX ind RI )%I ND .

with Refine)))) deeloped to be used in real world ituati,,n

Auto - Mech 1201
igureAti: nuto- Mech is an expert ystem which diagno es fuel problem.

in automobile engines The purpose of --he fuel - ,tem . "
,elier a mixture of fuel and air to the air -h under, 4t the ngint

. Ihe Computational Advantages of It can he divided into major -uhsvtcm; fue ireli ririIi. r ntai,

Hierarchical Classification irhuertur, vacuum manifidi .nlih ,r,',' -poid ,

L c *r i ; n'... i t ,,rtrcni:cal cfa-.ification hm h hese, about fuel %,tcnm lut

,ne organization of both the nierarchy of malfunctions and the
knowledge groups within a specialist This organization allows an Auto-Mech consists of 34 CSRL specialists in a hierarcny
,,tlicient examination of the knowledge of the system based on which varies from four to six levels deep Before running. Auto -
ileecl Mech collects some initial data from the user Fhis ,ncludes the

major symptom that the user notices tsuch as stalling) and the

Consider again the hierarchy of Figure I The problem sol ing situation when this occurs e g accelerating and cold engine

negins by ealuation o( the specialist Fuel System Problems It' temperaturel. Any additional questions are asked while \uto-

hat specialist etablishes. then the two sub-specialists Bad Fuel Mech's specialists are running The diagnosis continues until the

Problems and Fuel Mixture Problems are in%oked i:however, the user is satisfied that the diagnosis is complete

Bad Fuel Specialist does not establish, -hen none if its sub-
.peciaiists L11L ne invoked Thus. ifa -peciaii-t rules out ,i e does A major part of Auto-Mech's development was determining the
not estabish. then none of the knowledge of the uub - ;peciainsts assumptions that would be made about the design o)c" toe
need be ,in automobile engine and the data that the program would ioe

Different automobile engine designs have i iinitiicani *,fct ,n

17he ame !true oft-he knowledge groups in the specialist )n, the hypotheses that are considered A carbureted en:ne. !,r
,hat Knowiedie nece sar% to cnnmri rr deny the knu edge group example, will have a different set of problems than a '"ei .nectd
i run If a row ,f thp know edge ,roup matches, then none of the engine (the former can have a broken carburetori The data .1 J,

-iibsequent row; are esaluated :\gain, this results in running assumed to come from commonly available resources The sarmetv

,,nly the knowledge necessary for the problem at hand of computer analysis information that is avai able to mechanics
today was not considered in order to simplify building \uto-

Compare this with other so-cailed hierarchical approaches to Mech.

diagnosis The toult tree is a sequence o" causally related events Red 1181
that leads to an observable symptom in the system Given an
initial malfunction, ail possible causal results of the event are Red is an expert system whose domain is red blood cell antibody
traced out, terminating with the symptoms that would be identification An everyday problem that a blood bank contends

,mei ved by a human diagnostician When applied to an entire with is the selection of units of blood for transfusion durmin major

,,.tem. the result is a network of events that represent all the surgery The primary difficulty is that antibodies in the patient';

causal relationships of the system's constituent parts While blood may attack the transfused blood, rendering tne new blood

usefui in design tasks, applicationof fault trees to diagnosis has a useless as well as presenting additional danger to the patient
numberofproblems Thus identifying the patient's antibodies and selecting blood

which will not react with them is a critical task for nearly all red
I The combinatorial fan-out from an initial event blood transfusions

can he ,erv large This makes -he job ofcreating and
"raversing the network difficult Compare this with
the abstraction of hypotheses n hierarchical The Red expert system is composed of three major subs, tem,.

lassification systems Each node in the hierarchy one of which is implemented in CSRL The non-CSRL
represents a malfunction hypothesis that islistedin subsystems are a data base which maintains and answers

more detail through its sub-specialists If many questions about reaction records ireactions of the patient's blood

sub-specialists occur n the hierarchical in selected blood samples under a variety of conditions), and a
decomposition of the domain, more eveis of overview system, which assembles a composite hypothesis of thedibstraction can be introduced to iit the fan -out antibodies that would best explain the reaction record. CSRL is

Such abstraction does not exist in fault tree used to implement specialists corresponding to the common blood

representations antibodies and to each antibody subtype (different ways 'hat the
antibody can react)

2 Fault trees make no attempt to limit the number of
nodes of the network that must be evaluated Given The major function of the specialists is to rule out antibodies
I -ignificant event, ail possibilities are examined and their subtypes whenever possible, thus simplifying the job of
However. hierarchicai classiflers make use of the the overview subsystem, and to assign confidence values,
jhstraction of malfunction hypotheses to limit the. informing overview of which antibodies appear to be more
number of nodes that must be examined based on the plausible. The specialists query the data base for information
data ofthe case about the lab test results and other patient information. and also

tell the data base to perform certain operations on reaction
records.

5. Practical Applications of Hierarchical
Classification Complex Mechanical Systems

A number of diagnostic systems have been built using the CSRL has been used in creating expert systems that do
hierarchical classification approach provided by the CSRL tool diagnosis of faults both in the domain of Nuclear Power Plants
This section enumerates some the these applications and their and in the domain ofChemical Engineering
domains

The Nuclear Power Industry must be very ca-:tful in the

I m' m m mm I mm mmlmm i imm m mi a



maintenance of running power piants snce mi takes can prove validated data These designs centered )n mon:t,,rnlt g eacn

costly not onlv in terms of power plant damage but also i. terms of important system datum 'pressure, temperature .-tc j th a
radiation leakage and broad environmernta' damage Nuclear number of hardware sensors. This muitiplicitN ,t -ensors
Power Plants are therefore hea,,ill momtor-d in manv areas. so provided a redundancy of information from which a more rliable
heavily in ,act that .t i difficult f not .mpo 'siblei for the value was extracted Based on this hardware redundanc. a
perator to maintain an understanding of just -hit ,xactlv is number oftechniques were developed to validate a datum's value
,iing on r'he \ucleai Power Plant. xpert tei., I is desiined I Providing more than one sensor of the same kind to
, rike :n .ire cn.ns ,f data and cla.-itts tr-m into ne of monitor some datum Loss of one sensor therefore

DairiJlits 25 diil'orent ilukr- 1 int, adsantagv' )(the CSRI. does not preclude data gathering and an%
ppt-in :, tnrit he ,,perAtor can he rlrind ,t a ntizh lesel ,e- disagreements among the -enoirs can be resolvsd
, he ir,,i, 'n , 2 - - i :. iK i' ,1 ,, .- ,''v rid tatistically for the .,%erill datum %alue F-or

\ample, to measure !he temperituie -I a citi mival
cu.. hem..h:m-.,', " h. F'. isineertng Plant are -imul~o iie,tion. multiple temptaturv -i-o. ,,,uid i,*,

:)ut it dOt'- nave a snumer I differences Wihile valets is also of used in the reactor and their statitical axeragt
concern, there is also the problem of product quality in a given as the overall temperature value.
Chemical Engineering Plant. If a malfunction occurs that
produces an unusable product. tie operation must be brought 2 Providing differeit kinds of sensors to monitor a

quickly back into line or large amounts of material will be wasted datum. This situation provides the same redundancy

The Chemical Engineering expert system [171 does diagnosis ofa as I) as well as minimizing the possibility of some

typical reactor producing a solid product as a result of the kinds of common fault problems That is certain

reaction of liquid product and oxygen It consists of approximately events that inactivate a particular sensor type may

30 specialists that represent hypotheses about failures of the not affect sensors of a different type Continuing

various physical parts of the plant In addition to data that with the example of 1) above, half of the sensors

monitors the state of the reactor, these specialists also use data might be thermocouples while the other half might

about product quality to make the confidence value decision be mechanical temperature sensors.

.3 Using sensors in several different locations to infer
Other Real World Uses of CSRL a datum value. In this situation, datum values are

CSRL is being used to devesop two commercial -vstems 1), .he monitored not only directly but also inferred from
Knowledge Based Systems 4roup at the Battelle Columbus other system data based on well -established
Institute WELDEX and ROMAD are diagnostic systems for, relationships. For example, while the temperature
respectively, detecting welding defects and evaluating of a closed vessel may be directly monitored, it can
machinery A briefdescription of WELDFX follows be inferred from the measurement of the pressure

using the PV = nrT equation.

WEI.DEX identifies possible defects in a weld from
radiograpnic data .if the weld. Industry standards and While hardware redundancy allows some data validation, it has
regulations require careful inspection of the entire weld and a a number of drawbacks.
very high level of quality control. Thus for industries which rely 1. The expense of installing and maintaining multiple
on welding technology, such as the gas pipeline industry, sensors for each important datum greatly increases
radiograph inspection is a tedious, time-consuming, and the cost ofthe system.
expensive part of their operations 2 Common fault failures still happen, especially as the

This problem can be decomposed into two tasks visual resultofsevereoperatingfailures

processing of the radiograph to extract relevant features of the 3 Human operators and engineers resolve many such
w.'d, and mapping these visual features to the welding defects diagnostic problems using conflicting and even
,nich give rise to them. WELDEX is intended to perform the absent data In other words, human experts are
,econd task The current prototype consists of 25 CSRL more tolerant of bad data whether it has been
-peciaiists that are organized around different regions of the validated or not.
weld. taking advantage of the fact that each class of defects tends
to occur in a particular region The knowledge groups in these The following simple example will help in examining point 3)
pecialists concentrate on optical contrast, shape, size and and other ideas5 

Consider the mechanical system diagrammed
location of the radiograph features. A customer version of in Figure 7 with data values indicated in Figure 8. It is a closed
WELDEX is currently being developed. Future work is vessel with two subsystems, a cooling system and a pressure relief
anticipated ,n developing a visual processing system whose system. The vessel is a reactor which contains some process
output .,uld be processed by WELDEX. thus automating both (nuclear fission, chemical reactions etc.) that produces both heat
parts of the radiograph inspection problem and pressure. The data values of Figure 8 indicate that the

temperature of the reactor vessel, as determined by sensor
hardware, is above acceptable limits. Assume that there are two

6. Data Validation in Hierarchical Classification possible causes of the high reactor temperature: either the
We have examined in some detail how hierarchical cooling system has failed or the pressure relief system has failed

classification lends itself to performing diagnosis. However, there and the added heat has overpowered the functioning cooling
are a number ,if issues that exist in real- world systems that system. Given the sensor readings, what would be the diagnostic
must yet be addressed. For example, most of the work in Al in conclusion? The data conflict is the normal pressure and cooling
diagnosis assumes the observations given to an expert system are system readings and the abnormal pressure relief system
reliable In fact, it has always been understood that in real- readings. The failure of the pressure relief system is plausible,
world situations data can be unreliable and that human experts data indicates its failure and no other system failure, but such a
can still reach reliable diagnostic conclusions despite this failure expects the pressure to be high! The step to take is to
,nreliable data assume both the pressure relief system to have failed and the

pressure sensor to be incorrect.
As an example, examine the domain of complex mechanical

systems like Nuclear Power Plants or Chemical Processing
Plants Even before the advent of Al, system monitoring aids 5 Note that the ideas presented here have been used on more
were designed that provided the operator with automatically complicated real-world systems [8, 17, 151. This example has

been condensed from them for expository clarity



the process shown above demonstrates data validation at i
nigher level than that of simple sensor hardware validation In
the example, the pressure system has failed despite the lack of a Vanable Status

high pressure datum However, there is other strong evidence6  Temperature High
that the pressure system has indeed failed The human reasoner
expects the pressure datum to be high since the preponderance of Pressure Norml

other data indicate a malfunction That is. the human reasoner in Condenser All sensors
pursuing likely didanostiC conclusions discovers a plausbie Normal

diagnostic conclusion that meets all hut iin this casel one Cooling Water ALI Sensors
expectation The important points to note are that Flow System Normal

I A diagnostic conclusion can and *houid he nade Relief Valve Sensors indicate

haed on the piepunderance of ,ther e idence Malfunction

The datuu alue 'hat doe, nut meet expectation ValveControl All sensors

should be questioned and further investigation of its System Normal

true value made
FigureS: Sensor Values for the Example

This is not to say that hardware redundancy is not useful for
,olving problems of conflicting sensor reports. The point is that
hardware redundancy is made more useful in service of the higher evidence exists that the valve has failed even though the pressure
level of redundancy provided by diagnostic expectations. is normal. The lack of perfect fit between data and pattern allow

the pressure value to be identified as questionable Diagnosis

Also note that this process involves redundancy, not at the level continues despite apparent data conflict since enough evidence

of sensor hardware, but at the level of diagnostic expectation This exists for establishing the malfunction hypothesis
is a redundancy of information that allows questioning land

subsequent validation) of data based on multiple expectations of in establishing all the ancestors of any one node, a context of
diagnostic conclusions Ifa conclusion is likely, but not all of its problem solving is created which provides a set of implic:t
expectations are met, then those now questionable values are expectations Examine the example hierarchy of Figure 7 In
investigated by more computationally expensive techniques order to establish the malfunction hypothesis Relief Value

Failure, the malfunction hypothesis Pressure System Failure
must have established. In the context of considering the Valve
Failure, one can assume that some expectations were created

Sylsm based on the establishment of the Pressure System Failure node
Faijure and other ancestors Since these expectations always exist when

considering Valve Failure i.e, you can't get to Valve Failure

without establishing Pressure System Failure, they can be hard -

coded into the Valve Failure Node.
Prssure Sysiam Cooung Syswm

FaiL/ur FaaUure
How expectations are used for the Pressure Relief Svtem

j, /Failure node is shown in Figure 9. A modification is made to the
standard knowledge group First seen in Figures 3 and 4 that

allows the expert to indicate both a match value for the group and
a set of data that do not meet the expectations established at thisRow41Vajv* VOidyS AMbl Coadensa' Food Sysiam

Fail., realu redo" na,,. stage of the problem solving. This is done by adding the keyword
SI Data-To-Question to any pattern of the knowledge group,

followed by a list of those data values that are considered
questionable by the expert. Thus, Pressure Relief Failure

Figure 7: An Example Mechanical System establishes Ibased on other data features) despite the lack of a
change of pressur e. However, in establishing the node, one should
question why the pressure did not change as expected. This is
done by associating with the first pattern (the one that matches

While space limitations restrict the scope of our discussion, the when the knowledge group establishes) the pressure datum by use
following section present the basic ideas concerning how the of the Data-To-Question keyword. If that pattern is matched,
expectations of data can be naturally encoded in a hierarchical then the match value is returned but the indicated data value is

classification system. For further detail, please see (51. placed in a list of questionable data values will be later in detail.

If the match value is high enough, the node establishes itself
despite the existence of conflicting data. That is, if there is

6.1L Establishing a Questionable Datum enough evidence to show a malfunction despite a conflicting
The process of establishing a questionable datum involves two value, the problem solving may continue. However, it may be the

steps First, establish some expectations, using local knowledge case that the value being questioned is of vital importance to
or the context of other nodes Second, use those expectations to establishing the node The match value will reflect this, the node
flag some particular data value as questionable will not establish, but the data will still be placed on the

questionable data list. After an initial run of the problem solver,

The expectations of a malfunction are embodied in the the questionable data list will consist of datum values that did not

knowledge group. The knowledge group mechanism was designed meet the expectations of some node.
to give a rating of pattern fit to data If the fi: is not perfect, those
data values not meeting expectations are identified as
questionable In the example of Pressure Relief Valve Failure,

6
1n the example, this evidence is that there is a failure of the

relief valve system which is part of the pressure system
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At APPf :,TATIONS FOR SPACE SUPPORT AND SATE1,LITE AUTONOMY

Constance J. Golden*

Ford Aerospace & Communications Corp.
Sunnyvale, CA

ABSTRACT that the vehicle automatically zhed its

powpr load and turned ofI the rt:t jde

owlede based systems (KBS) have control subsystem. The tumb ing venrc e
7: met expectations. Ittuations was detected and placed in i safe, sun

3nat naent been anticipated or planned pointing, spunup configuration. Analysis
fts ust be handled by KBSs if they are of telemetry data showed the cause of the

to be :seful for complex space support locked solar array to be a spurious bit

aoplications. This requirement implies change. This bit change was corrected
,hat "deep knowledge" about the domain and the procedure for returning to a
must be modeled so the KBS can "reason" stable earth pointing attitude was
jbour the situation and generate and started. The approved procedure, when
implement a plan for recovery or action, implemented, failed to resu t :n -he
Domains may be represented using several expected earth pointing attitude.
schemes, each having limitations that Factory experts were consulted and it -was
prevent them from meeting expectations decided that the thrusters _ ed in the
for KBS's. Ford Aerospace has developed maneuver impinged on the solar array
a representation approach that is a panels, imparting forces that prevented
hybr d of other schemes. Because this normal earth acquisition. A second earth
approach represents knowledge in a acquisition maneuver was planned using a
complete, consistent and unambiguous different set of thrusters, known to be
manner, generic approaches to processing directed away from the solar panel as
domain information can be developed, and oriented. This procedure was a success
unplanned situations can be analyzed and and the satellite was returned to its
"reasoned" about. This approach promises ftnctional earth pointing attitude.
to meet most, and possibly all, of the
space support requirements for KBSs. Another example involves an R&D
Ford Aerospace's KBS architecture has satellite which lost earth lock shortly
been applied to several space support after initial earth pointing attitude
activities in an effort to test its full control had been established. There was
capabilities in being able to "reason no apparent reason (e.g., sun/moon inter-
about" and "analyze" new situations. ference, eclipse, power decrease, etc.)
Satellite autonomy, equipment maintenance for the problem. A close look at the
and network control applications are telemetry data, just prior to start of
among those discussed. vehicle tumbling, showed that the earth

sensor data being used by the on-board
software was not the expected data.

I. Space Support Further research revealed that the
Application Requirements installed earth sensor design character-

istic- were different from those written
Knowledge 3ased Systems (KBS) have in the control software. A corrected

been successfully applied to automate version of the control software was
some space support functions, but the uploaded to the satellite. The earth
e xpectations have usually exceeded the acquisition procedure was repeated and
implemented capability. In some areas of the attitude control system maintained
satellite control it is acknowledged that earthlock. While we may not expect KBSs
no existing KBS could replace the expert to automatically correct the on-board
facing an unforeseen event. For example, softwire we do expect KBSs to diagnose
a solar storm caused a bit change in the the problem immediately upon receipt of
solar array adapter control of a satel- the tirst unexpected earth sensor data

:lre wnich locked the solar array track- and recommend a solution to the
ing mechanism. (see Figure 1.) As the operator. This requirement implies that
satellite progressed along its orbit, the orbital (flight) information must be
solar energy impinging on the panels available and "deep knowledge" about the
decreased because the panel could not satellite must be modeled so that the KBS
,air, tain its normal perpendicular posi- can "reason" about the situation and
rnon to the sun's rays. Eventually the generate and implement a plan for
power trom the soiar array was so low recovery or action.

'Manager, Advanced Programs
5enior Member AIAA



1 . Alternative KBS by he reasoning 7odules. Kn w.- e

Approaches represented w1th n rules or 7etn(os S
only used during actual execution, and

Domains may be represented using only the result of the execution :s
rules, frames, networks or other available for reasoning; the information
schemes. Some of the more common repre- contained within rules or methods :s
sentation alternatives are compared on inaccessible to a problem solving module.
Table I. They all fall short of meeting
the expectations listed in Figure 2 for Ma'or inadequacies of all exist nq
KBSs in space support applications. For systems meant to be used for real space
example, ;eneric processing is provided support applications are presented on
by the inference engire in rule-based Figure 2 and include: the need for Al
systems, but thIs processing is limited expertise during system development, the
to pattern matching between situational inaDiliLy to handle situations which
data and data referenced within rules. haven't been explicitly entered into the
To allow for more powerful generic knowledge base, the lack of a formal V&V
processing, the knowledge must have a approach, and the inability to provide
better defined structure than that cur- real-time solutions to a complex situ-
rently used for rules. The structure ation.
itself includes information that can then
be used by processing modules to perform Ford Aerospace has developed a KBS
more specific functions than pattern approach, called PARAGON, that is a
matching. in addition, the flexibility hybrid of other approaches. It promises
(or lack of structure) of rule-based to meet most, if not all, desired
systems, makes system Verification and characteristics of a space sopporr KR
Validation (V&V) nearly impossible The domain is modeled ubing a semantic
because it is difficult to isolate a part network approach where the concepts
of the system for test: Any rule that (e.g., physical or non-physical objects;,
fires may generate unexpected side appropriate characteristics of the con-
effects within other parts of the system. cepts (e.g., height, weight, color),

interaction or relationships with other
For a KBS to reason about or adapt to domain concepts (e.g., electrically con-

events or situations for which it was not nected, heat supplied by, etc.), and the
preprogrammed, deep or causal knowledge behavior of the concept (e.g., states it
about the domain must be represented in may be in such as on, off, or idle; what
an explicit manner that can be accessed events occur while in each state:
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Table 1. Comparison of Representation Altervnatives
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and what causes transition from one state engineers have identified the fo~lowing
to another) are described via a graphic most commonly used processes or
Lnterface and menus. Typing can be strategies:
L1i ed to assigning names to concepts,
states, etc. I. monitoring (data interpreta

tion): comparing observations to planned
As -he model is being developed, (desired) situation

PARAGCN ollects the information and
aut omaticaly translates it to a machine 2. Interpretation (situation assess-
representation useful for inferencing and ment): inferring situation description
prD-oze solving. Characteristics, from sensor data
ela inshizs and behavior must be
defined precisely and witnin constraints 3 Diagnosis: inferring cause of
to avoid tne pr.bLe of ambiguous defini- system malfunctions from observables
timr found in most semantic networks and
to alio,. formal V&V. The approach allows 4. Debugging: prescribing remedies
?ARAGON to automatically generate LISP for malfunctions
code so a simulator for the domain is
available to test behavior and display 5. Prediction: inferring likely
characteristics for verification by the consequences of given situations/actions
system developer. Some minor modifi-
cations would allow generation of other 6. Design: configuring or modifying
types of code such as C, PASCAL, FORTRAN, objeutb QiideL constraints, such as avail-
etc.. ;o tIe resultant model of the know- able resources
ledge base could be used as a stand-alone
simulator funning on a non-LISP machine. 7. Goal Determination: debugging,

prediction, design and resource alloca
During development of this portion of tion (knowing desired situation)

PARAGON, two guiding principles were
followed: that the model be declarative 8. Planning: designing actions to
and consistent. We wanted the model to achieve goal
be declarative so all control knowledge
(or algorithms for processing knowledge) 9. Repair (corrective action):
would be eliminated from the knowledge executing a plan to administer a pre-
base and all knowledge describing each scribed remedy
concept would be internal to the data
structure itself. Semantic networks 10. Instruction: diagnosing,
allow representation of a domain with no debugging and repairing student behavior
,conrr-( or processing of knowledge
required. Also the representation The reasoning process followed for
elements are easy for engineers to work each of the basic strategies above is
with, Therefore this was our starting programmed into a separate module. The
point. However, any type of relationship builder of an expert system takes the
is allowed in a "pure" semantic network model of the domain, adds the reasoning
which :an lead to inconsistencies, modules appropriate for the application
Therefore. constraints had to be imposed and then builds the operator/system
in tne way concepts and relationships are interface needed with the outside world
defined and the way relationships inter- to run the system.
act to ensure consistency. Other aspects
of representation schemes such as frames, Figure 3 illustrates the overall
rules and blackboard were used to con- development process.
strain the knowledge base representa-
ton. Since many different systems and III. Space support
users may want to access the same know- Aplications
ILedge base for a variety of purposes and
since two or more knowledge bases mdy Ford Aerospace's knowledge-based
have to interact to find a solution for a system architecture has been applied to
user, consistency was absolutely an automate several functions in an effort
essential requirement for space support to test its full capabilities in being
applications. able to "reason about" and "analyze" new

situations. Illustrative examples and
Since the domain model in PARAGON lessons learned are presented below:

contains no control or processing know-
ledge, reasoning modules have been and Satellite Autonomy: The first step
are being developed to perform their in achieving satellite autonomy is to
function on the domain model, independent automate the satellite control function
of specific domain information. Cogni- on the ground. In many ways this step is
tive psychologists, Artificial Intelli- more difficult than the final step in
gence (Al) researchers and knowledge space, because the ground station doesn't

4
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A

always have continuous contact with the level of causes have been evaluated.
satellite and hence must reason with Therefore, our causal diagnosis, goal
incomplete Knowledge about what happened determination, planning and corrective
between passes. Our version of an auto- action modules must all work together
mated satellite control system is called iteratively to provide the most appro-
STARPrAN. Figure 4 illustrates some of priate correction recommendation for an
the user interface screens. It has been orbiting satellite. Different domains
icveloped ising several architectures: will require different levels of cause
a!l rule-based, frame based and PARAGON identification. How hest to incorporate
representations. To date GPS and DSCS this information is still being investi-
sllosystems nave been modeled and known gated.
anomalous situations have been presented
as input and handled by the system. 3. Real-time operation is still to
Based on our experience, there are three be demonstrated. Until reasoning issues
areas where further work is necessary at and domain expert interface issues are
this time on this application, resolved, it doesn't make sense to con-

centrate on real-time considerations.

I. £'he satellite design engineers Also, parallel hardware systems are
fino that time critical feedback loops becoming more powerful every day. This
can only be represented accurately if medium will be a major factor in achiev-
precise definitions of the concepts ing real-time operations.
involved and their relationships are
provided. These are needed to take full Remote Maintenance of Electronic
advantage of the simulation capability Equipment: The systems we have demon-
within PARAGON. We are considering strated have used distributed knowledge
provision of a set of preprogrammed con- bases, since the information available at
,epts and relationships for this situa- the remote location is restricted to the
tion so the user can choose the one that site, while the information at the
ftis his design characteristics most central control center includes global
closely. This approach to aiding the information that impacts priorities and
design engineer is non-trivial, because constrains corrective action alternatives.
each feedback loop is inter-related to
other unique domain knowledge being Digital Design: A system that
entered by the engineer, performs fault isolation on a digital

board has been prototyped. Chips and the
2. Our generic causal diagnosis wires connecting them were modeled as

processing module sometimes stops at the well as individual behavior (Note: wires
wrong level in finding the cause of a have individual behavior patteriis such as
problem. I'll use an example to explain propagation time, delay time, resistance,
what I mean. When you get in your car etc.). The major problem encountered was
and turn the key, you expect the engine timing, similar to the feedback loop
to start. If it doesn't, you note that timing problem discussed under satellite
n",'s -nformation deviates from what was autonomy.
expected and reason about possible causes
for the discrepancy. A likely cause is a Network Control: A system that
lead battery, so you turn on the light models a communication satellite with its
Switch and note that the lights don't individual transponders and the ground
work. The result of this test makes a stations that make up its network has
dead battery even more likely as a cause, been prototyped. If a communication link
so you put in a new battery. What if the isn't working as planned, the system
engine still doesn't start, or it starts decides whether weather, jamming, loading
for a short time and then repeats the or equipment failure is the cause and
anomalous behavior? The cause could be a then recommends a solution. If weather
short in the system which causes the is the cause, using an alternative ground
battery to go dead or the engine and station and a connecting ground link
.ghts to be inoperable. For an auto- might be the recommended solution. Time
mobile, there are approaches that can be synchronization is a consideration in
taKen to test for malfunctions that would this application. PARAGON currently
be at the next level beyond an apparent models timing as a continuous behavior.
cause. Also, since hatteries don't cost Further enhancements to the development
much arid the risk is low, because the interface will make it easier tc describe
system probably won't be harmed if a new delay times and cyclic processes.
battery is installed, the KBS should make
this recommendation and only look for Manufacturing Plant Process Control:
another level of malfunction if that PARAGON is being used by Ford Motor
recommendation fails. However, satel- Company to model one of their manufactur-
lites operate in a completely different ing plants and simulate the process (from
environment. The most likely cause of a the top down). Used only as a simulation
discrepancy shouldn't be fixed with a tool, the sensitivity of material in
replacement until the risks and next process and inventory to schedule can be

6



evaluated. Once the "reasontng" modules
are added, inefficient situations can be
detected. the cause of the problem
identified and recommendations for
improvement made. At first we considered
using existing domain simulators that
represent many years of development
effort. but the knowleJge is not appro-
priately represented for a reasoning
module to use. Translation may be feas-
ible for some small, simple domains, but
not for large, complex domains. The
lesson learned is: build the domain
model using the PARAGON representation
scheme, test and V&V the knowledge base
using the model as a simulator, add
generic (or domain specific if necessary)
reasoning modules that have been tested
and V&Vd separately, build an interface
with the external world (operator,
telemetry stream, etc.) and you have a
powerful simulator within an even more
powerful KBS that will meet most of the
desired space support requirements for
KBSs.

PARAGON currently is being used in an
R&D and staff consultant environment.
Extensions need to be made to the system
to increase its reasoning capability.
Real-time applications will be pursued to
test its parallel reasoning structure on
parallel processing hardware. Maybe next
year we can demonstrate an even further
narrowing of the KBS expectation gap!

7
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Validation of Knowledge-Based Systems
y Rolf A Stachowitz, Jacqueline B. Combs and Chin L Chang

Lockheed Missiles & Space Company, Inc.
Al Center - Austn. 0 90-06. B,30E

Austin Texas

Abstract

Work on providing a comprensive vaidation capab,.,ty for knowledge-based systems
nas been progressing successfully at the Lockheed Al Center--Austin for more than a

year The Expert Systems Validation Associate (EVA) already extends and comple-
ments the validation capability provided by existing commercial or academic expert
system sheiis. In this paper we outline the architecture, theoretical basis, and func-
,ionailty of EVA and describe its existing and future features. The existing features are
currently implemented for knowledge-based systems developed in ART (Automated
Reasoning Tool, Inference Corporation).

INTRODUCTION are most of the time not as precise as the requirements

for a conventional software development project. Thus

Knowiedge-based system (KBS) technology has now the system designer needs validation tools io assist

emerged from applied artificial intelligence (Al) as a vi- him/her in c!arifying the requirements and obtaining a
tal technology for modeling complex systems in precise specification. This is typically obtained through
defense, industry, business, and science rapid prototyping of a partial, incomplete specification

Based on the output obtained, the specification s
The growing reliance on KBSs requires the develop- modified (corrected, deleted, or extended), until the
ment of appropriate methods for validating such sys- problenm appears to be sufficiently well formulated and
tems. The objective of the Expert System Validation understood. An appropriate model for the development

Associate (EVA) -- under development at the Lockheed of such systems, the spiral model, has recently been
Al Center at Austin, TX -- is to define and develop developed by Boehm 6 .
automated tools to validate the structural , logical, and

semantic integrity of KBSs. In this paper, which is a A second reason for the difficulty of applying conven-

revised and expanded version of a previous paperi, we tional validation methodology to a KBS is that a KBS
define KBS validation as the verification, validation, and does not exhibit the functional characteristic of stan-

testing of a KBS. Our definition does not include the dard procedural software modules where given input(s)

evaluation of the quality of a system by a group of ex- are mapped into specified output(s). A KBS is mostly
perts. nonprocedural, and it normally does not contain com-

ponents analogous to standard software modules
Literature on validating traditional software abounds amenable to validation by conventional tools.

(for a condensed bibliography, see Miller2 ). The valida-
tion of KBSs, however, has received considerably less It is our conjecture that software validation can be more

attention in the Al literature. Exceptions are Nguyen et easily performed in a KBS environment. In such an en-

al. 3 and Suwa et al.4. vironment the number of life cycle steps is reduced
from the traditional four (requirements development,

Validation methods for traditional software are difficult, specification development, design development, code
time-consuming, and not necessarily correct. We have development) to just the first two, resulting in a con-
learned to use the expression correct with respect to siderable reduction in the amount of validation work to
specifications rather than plain, unrestricted correct. be performed. In addition, KBSs can be regarded as
Traditional validation -- represented by the waterfall logic-based systems, consisting of a declaratve
modeP -- involves the complete software development (application) and control component (inference engine).
fe-cycle and is not oriented towards the incremental The logic-based languages used to implement the ap-

development method typical of knowledge-based sys- plications are more amenable to validation using logic
tems. and mechanical theorem proving. Finally, the

During the construction of typical KBSs, requirements availability of metaknowledge with semantic information
and integrity constraints permits (a) the formulation of

pertaining to "syntactic" properties of rules, clauses, and facts conditions (knowledge base des"ier's specifications)
in a knowledge base that the rules and facts of a KBS ,,ave to meet and (b)

" y n Q'irim i.3' ny ",'-jel :r, e

, i' '- hed n '-he kmer -in
-e 9 f A~rc~oaut- .and



, e automatic check:ng of ne vahicity cf tine underTyng EVA GOAL

voopcation. The goal of EVA is to provide automated -o s 'o

KBS DEVELOPMENT AND VALIDATION valdate the logical, structural, and semant c "tegr-y 0'

KBSs. In addition, EVA also addresses tre gcai of m-

The rcemental development process ;sed in building oroving the validation process by fincing mistakes ard

KBSs s represented in ,gure ' aCaoted from Boenm's omissions in the knowledge base, proposing

sp rai mocei knowledge base extensions, restrictons. arc

generalizations In other words, EVA addresses not

T'e s~ral oegins with a set of ral requirements, only the question of "Is a KBS apohcat;on correct " out

cescroing the problem to be solved The requirements also the question of "Is the knowledge usec by ',re ex-

zrase s f olowed by the specofcatlon prase, in which pert for the appication correct"

-e eoert s knowledge about the domain in question is

trar sated into rules and facts Because of the clear EVA ARCHITECTURE

secaration between declarative and control component,

trnese specifications can be executed immediately, To permit the addition of future functionalty EVA is

resulting in an initial operational capability (IC), a first designed to be a metaknowledge-based system sl-eil

orototype. The expert or knowledge engineer repeats whose architecture is shown in Figure 2

-ns process (goes through the spiral), expanding or Standard commercial expert system shells, also calhed

levising the requirements and specifications until after object shells, provide the following basic constructs:

many iterations (with many tnterim operational objects, classes of objects (object schemas),

capabilities) the final operational capability (FOC), the generalization hierarchies among the classes of co-

end product, has been obtained. jects, attnbutes (slots) of objects, property inheritance.

relation schemas, facts, rules, and so on. Applications
It should be obvious that the number of iterations could are wntten in the objeul shells by application program-

oe reduced considerably given the availability of an mers or knowledge engineers.

automated validation tool.

REQUIREMENTS 4

REC

FOC IOC 4  1OC 3  lOG 2  IOC 1

PA ,.,,"

P2  RD3

R DESIGN 4

PROTOTYPE4

Figure 1. Boehm's spiral model
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!n contrast to the knowledge base of an object shell, EVA -ontains two kinds of functional components
EVA provides a metashell with a metaknowledge base modules specific to a particular object shell (i.e., con-
*hat supports higher order constructs to represent version algorithms used by the analyzer) and modules
,nowledge, properties, and constraints about the lower specific to EVA, the validation tools
evel objects, object schemas, relation schemas, the or-
den' g of rules, and so on, of an application. The analyzer uses conversion algonthms to translate

the application (represented by ru!es, facts, and

EVA FUNCTIONALITY schemas of the object shell) and the validation state-
ments into the EVA format to be used by the validation

Te ,urpose of cur research effort is to design and im- modules.

Zement a very expressive metashell based upon
-ger-order ccrstructs. For example, it can be used to These validation modules are the logic checker, struc-

-ecresert !,at a relation is symmetric, nonsymmetric, ture checker, semantics checker, omission checker,

asy-menc. *ransitive, nontransitive, intransitive, rule proposer, behavior venfier, and control checker.

ef'exrve, refiexive, connected, mandatory, critical, The logic checker, structure checker, and behavior

synonymous to some other relation, and others. The venfier address the question "Is the application wntten

-etas.eil can be .,ed to represent validation state- in the object shell correct?", while the semantics

ments on constraints and control strategies for the ap- checker, omission checker, rule proposer, and control

;:cat on by an application system designer. checker address the question "Is the knowledge used
by the expert (knowledge engineer) for the application

T-e '1,jrc'clahty of EVA. reoresented by means of a correct?" For example, the sentence "An automobile
data flow diagram s depicted in Figure 3. does not need motor oil" is grammatical;y correct, but it

conveys incorrect intormation.
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We have implemented considerable portions of the Direct Inconsistency

EVA functionality for ART-based' expert systems. Our Rule 1: STUDENT(x)ASTAFF(x)

efforts, so far, have concentrated on the implemen- --+ UNIVERSITYMEMBER(x)

tations of the logic checker, the structure ;hecker and

the semantics checker. Rule 2: STUDENT(x)- -,UNIVERSITY_MEMBER(x)
Indirect Inconsistency

LOGIC CHECKER Rule 3: TEACHINGASSISTANT(x) -- TENURED(x)

Rule 4: TEACHINGASSISTANT(x) -- STUDENT(x)
The purpose of the logic checker is to check whether Rule 5: STUDENT(x) --+ -TENURED(x)

the rule base of an application is consistent and
"numencally complete." Numeric Completeness

Consistency In checking for numenc completeness the logic checker

will issue a warning when gaps in a specified numeric
range occur. If the rule base contains only rules 6 and

tency direct and indirect. Two rules are directly incon- 7 (dealing with the number of items in a discounted

sistent if they contain mutually exclusive right-hand order),

sides (RHSs) and the left-hand sides (LHSs) are equiv-

alent (identical, or one LHS subsumes the other). In- 6: D I-DS)A(NTE x,

direct inconsistency occurs when two rules whose . MIN-DISCOUNT(x)

LHSs are equivalent derive contradictory RHSs after Rule 7: DIS-ORDER(x) A_(NUM-ITEMS(x),75)

rewnting itermediate RHSs. -- MAX-DISCOUNT(x)

In the following examples, rules 1 and 2, and rules 3, 4, then the logic checker will propose the rule c to com-

and 5 are inconsistent and are reported by EVA. plele the numenc range.

Rule a: DIS-ORDER(x) A ;. (NUM-ITEMS(x),50)

A <(Num-ltems(x),75) -+ ??

Automated Reasoning Tool, inference Corporation



EXTENDED LOGIC CHECKER Rule 18- AB---send-suo

Rule 19 CAD -, send-suomanne
The purpose of the extended ,ogic cnecker is to checK
'or inconsistencies and conficts caused by generaliza- If the condilions A. B, C, and D can be satisfied by tu-
tion hierarchy, incompat!bihty. or synonymy, If the ap- ture facts in the application (recognized from assertions
plication contains ruies that can denve contradct"ry .n the RHS of rules), the logic, cnecker warns of
Conc:us ons 'rom the same set of facts and from the potential conflict.
properties of ge'eranizatoCn n:erarchy, incompatibility,
or synonymy, then ,he apolicalon is inconsistent. STRUCTURE CHECKER

lnconsistency Under Generaization Hierarchy The kernel module of the structure checker is an
analyzer which takes in the facts and rules of a

Given thes metact tn are i isubnne i s s knowledge-based application and builds a rule graph.
An arc in the rule graph denotes a match between a

Rule 8: EF--* send-ship. relation in the LHS of a rule and a relation in the RHS
Rule 9 E., F send-submanne. of a rule. Other structure checker modules analyze the

Inconsistency under Incompatibility rule graph to locate all the structural errors 'n the

knowledge base, such as nonreachability, redundant

Given the metafact that boy and girl are incompatible. rules, irrelevant rule clauses, and rule cycles.

rles 10 and 11 are inconsistent.
Reachabiity

Rule ,0 AAB -- is-boy

Rule 1 I AB^C is-girl. The purpose of reachability checking is to determine if
the rule graph has any missing subgraphs or discon-

Inconsistency Under Synonymy nected subgraphs.

Given the metafact that submarine and sub are In checking for reachability, EVA looks for dead-end
synonymous, rules 12 and 13 are inconsistent, nodes and unreachable nodes. A node here means an

Rule 12: E^F-4send-submanne. atomic formula in a rule. A dead end' kcurs when a
Rule 13' E^F-, -send-sub. node in the LHIS of a rule does not match any fact,

goal, schema, or RHS rule node in the knowledge
In each of the above examoles, the conditions in each base. An unreachable node is a fact, goal, schema, or
cf I're r-e oairs are exactly the same or one condition RHS rule node that cannot be matched by any LHS
s a prcper subset of another. However. the inconsis- rule node in the knowledge base.
'ency can cccur in a more general case. The examples
below are in conflict itf all oi the conditons A, B, C, Redundancy
and D are met n the knowledge base at the samean e mA rule is redundant if it is duplicated or subsumed bytime.

another rule. Two rules duplicate one another if theyhave the same LHS and RHS clauses, possibly in dif-

Gi en the metafact that submarine is a subclass of ferent order or with different variable names. Sub-
ship, rules 14 and 15 are in conflict, sumption occurs when two rules have duplicate RHSs

rile 14: A^,B -- send-ship. and the LHS of one is a subset of the LHS of the other,
Rule 15- C^,D- send-submanne. or when two rules have duplicate LHSs and the RHS of

one is a subset of the RHS of the oflie,, or a mixture of
Conflict Under incompatibility both.

wen the metafact that boy and girl are incompatible, Duplication:

-j'cs 16 and 17 are in conflict. Rule 20: MALE(X)A PARENT(x)- FATHER(x)
Rule 21: PARENT(y)A MALE(y)--FATHER(y)

Rule 17 C, -, s-girl Subsumption:

Rule 22: TENURED(x)A-_STAFF(x)

Conflict Under Synonymy ,- UNIVERSITY-MEMBER(x)

Rule 23: TENURED(x) --+ UNIVERSITYMEMBER(x)
Given the metatact ,tat submanne and sub are
synonymous rules, !B and 19 are in conflict



Relevance Rue 33 SI BMARINE'xF x -E
Rue 34 -SUBwcI-F x-Exi

Two rules contain .relevant or s-oerf'-cus causes f

they are duplicates except that ,n one LHS a clause p irdirect Cycle
s affirmed, n the other denied. Giver. the metafact that sub and suomanr"e are

The structure checker reports that the first clause in synonymous, rules 35 and 36 create an ,direct cyce
,ules 24 and 25 is rrelevant Rule 35. SUBMARINEx) -G(x)

Rule 24 TEACHING ASSISTANTx)-,STAFF(x) Rue 16. G(x) - SUB(x)
-UNIVERSITY_MEMBER(x)

Rule 25: -TEACHINGASSSTANT(x)ASTAFF(x) SEMANTICS CHECKER
-UNIVERSITYMEMBER(x)

The semantics checker has two major functions: check-
Cycles ing the application written in the object shell for vola-

t;ons of the semantic constraints, and checKng the
EVA checks for direct and indirect cycles .n the rule semantic constraints themselves for internal conss-
base. A direct cycle exists when the same clause oc- tency and agreement with other metaconstraints
curs on both the LHS and RHS of a rule, This may reoresented in the metashelI.
cause tihe rule to fire repeatedly -- that is, esult in an
nfinite loop In the case of an indirect cycle the infinite EVA'v metarclations take object, class. s c* and re a-
Oop involes two or more rules. +.on names in the object shell as argumers they per-

Direct Cycle: m-t tne knowledge base designer to specify seman-c
Rule 26. ANCESTOR(y,x)^PARENT(xz) constraints (conditions) that must be met by the under-

- ANCESTCR(yz) iying application. Facts violating the semantic fact con-

Indirect Cycle. straints are either incorrect facts or snow *hat :he

Rule 27: HUMAN(x)-- PERSON(x) metaconstraint itself is not correct, wn:.e ruies vicatring

Rule 28: PERSON(x) - HUMA ) the semantic rule constraints are either incorrect rules
or show that the metaconstraint is not correct

EXTENDED STRUCTURE CHECKER In particular, the semantics checker checks facts in te

The extendea structure checker checks for duplication, application for violation of range constraints, nii-

subsumption, relevance, and cycles caused by mum/maximum cardinality constraints, legal value ccn-

generalizatior. hierarcny or synonymy. straints. value compatibility constraints, and for other

Duplication semantic constraints such as subreations, inverses,

and data types.
Given 'he metafact that sub and submanne are The semantic constraints that have been imolemented
synonymous. rules 29 and 30 are duplicates of one -n an ART-based prototype are explained helo. ,. More
another semantic constraints -- circular ranges (Sunday,

Rule 29: SUBx)--DIVE(x) Monday.... 00:00-24:00 hours; Jan.. Dec; and so on),
Rule 30. SUBMARINE(x) - DIVE(x) and nonnumenc ranges (cold, warm, hot: Ph,,ate. Cor-

Subsumpton poral, Sergeant.... and so on), as well as relations be-

tween relations/attnbutes/sets such as inverse,
Gven the metafact that submarine s a subclass of synonymous, antonymous (male/female, i.e., not male
shto, rile 31 is subsumed by rule 32; i.e , whenever 31 implies female and vice versa), contrary (young/old, i.e.
s applied, 32 will also be applied, not young does not imply old), compatible, incom-

Rule 31 SUBMARINE(x)-4 LAUNCH(x) patible, and others -- will be implemented in 1987.
Rule 32 SHIP ) ---LAUNCH() lowerupper(slot, class, lower, upper)

Relevance This metarelation defines the legal rangi of numencal

Given the metafaci that sib and submanne are values: the values for the <slot> of the <class> must

synonymous, 1he ';rst clause n rules 33 and 34 is ir- be between <lower> and <upper>. EVA discovers andyfrevant 
flags values that exceed these bounds

II Ian



EVA aot :-. cnecKs .ts against semartc con- :,ates trat a FRESHMAN can cny E".RCLL nl

straits. nut aso clnecks ihat tre semantic constraints Math10l, Enghishl01 ti'at a SOPHOMORE can or'y

:remseives are consistent S;'ce a CHILD is a PER- ENROLL n Math20. Ar201. , and so on

SON t'e age arge Cf CHILD must tail within the age

-arge of PERSON 'ire 'o Crq semantic can- EVA also checks the defined inverse R of a eation P

- vtcars o oe ccns~s*?- for agreement with argument data type specifications
and :ega:,ty of argument value combinations using the

is_a.CH1 LD PERSC'N. metarules stated for R

lower uDDer AGE PFPSCN. 1, 1,'01

lower upperAGE CHILD 0. 12) min_max_rel(relation, domain, min, max)

legal _value(slot, class, values) This metarelation specfies the minimum and maximum

number of tuples (records) of a relation: the number of
Ttrs metareiation defines Ire egat values of a slot: the records of <relation> with object in <domain> must be

vajues for The <slot> of tne <class> must be listed in between <mi> and <max>.

<va ues>
For example, the following semantic constraint

For exampoe. the focionwg semant:c con ;traint minmaxreIENROLL, STUDENT, 0, 5000)

legalvalue:GENDER STUDENT,
r aie, emale,hermaphroditel) means that up to 5000 student enrollments are allowed

n the data base at any one time. The enrollments are
states that students' genders must be male, female, or 'n tecatan o time the eon E

hermaphrodite. EVA ':ags any STUDENT record represented by records or tuples of the reation EN-

where GENDER has a noniegal value. ROLL.

relation(rel,domain-1,...,domain-n) minmax_role(relation, domain, min, max)

This metarelation defines both the number of legal ar- This metarelation defines that each object in <domain>

guments of a relation <rel> and the legal data type of must have at least <min> and at most <max> objects

each argument: <doman-i> is either a class of objects for the relation <relation>.

or a set of values for i=1 .. n. Thus the semantic constraint

This 'Kird of semantic constraint is used to permit EVA min max_role(ENROLL, SOPHOMORE, 3, 4)

to enforce strong data-type checking for relations. states that each SOPHOMORE must ENROLL in at

For examole, given the two facts least 3 and at most 4 courses. EVA discovers any

sophomore who enrolls in fewer than three or more
PERSONlcharlie) than four courses.

and

DOG(snoopy) incompatible(slot, class, values)

and the metafact
This metarelation defines illegal value combinations:

relation(MURDERER_OF,PERSON,PERSON) the mu"'vaiiue <sot> of <class> must not have the

EVA flags as erroneous the fact combinations listed in <values>.

MURDERER_OF(charlie,snoopy).
For example, the semantic constraint

compatible_argtypes(rel,argumentvaluelist) incompatible(TITLE, UNIVERSITYMEMBER

This metarelation defines the legal value combinations [(TenuredUntenured),

'or individual argument types. Thus the metafact (Tenured,Student),

compatible arg types(E NROLL, (TenuredStaff)])

{(argl (FRESHMAN) means that no UNIVERSITYMEMBER can have both
arg2 (Matht101,Engishl 01,...)] the TITLE Tenured and Untenured, Tenured and Stu-
arg (MaHOM0OREnh 1dent, or Tenured and Staff.

,argl (SOPHOMORE)
arg2 (Math201,Art201 ....] compatible(slot, class, values)

This metarelation defines legal value combinations:

the multivalue <slot> of <class> may contain the com-

binations listed in <values>.



For exampie, the semantic constraint earn 'ules to associate certain concitors ,tea e

compatible(TITLE, UNIVERSITYMEMBER classes of objects.
[Untenured, Student, Statf) For example, if the following information is known

means that a UNIVERSITYMEMBER may have up to
three TITLES from the list Untenured, Student, or Staff.

T ~Generalization hierarchy[Ths metarelation complements the previous one and Genization iearchy:
.s to e used when the number of illegal combinations manap wewro, ,, e too tedious to list.] Metafact:

person is union of man and woman;

subrelation(relationl, relation2) Relation schema:
PARENT-OF(person,person);

This metarelation defines that <relation1> is a subrela- Relation schema:
!ton of <relation2>. EVA checks that the number of ar- FATHER-OF(man,person);
guments for <relationl> and <relation2> are the same. Metafact:
and that the data types of the arguments of <relation1 > FATHER-OF is subrelation of PARENT-OF,
are subclasses of the corresponding arguments of hen the omission checker can promt the ser
<relation2> whether there should be a relation that relates woman
For example, EVA determines that the semantic con- -.nd person, in analogy to FATHEROF wrcn, relates
straints man and person, (namely, MOTHER-OF).

relation(KILLER_OF, Rule Proposer
ANIMATEOBJ ANIMATEOBJ) There are two ways to use the rule proposer. T1-e ser

relation(MU RDERER_OF,PERSON, THING) can use it to simplify a collection of rules througn rc,.c-Pa ERROF KHILE tion. That is, some conditions appeanng in a cclectlonof rules may be abstracted by induction into a more
are nconsistent since the second argument (THING) of general condition, and thus the collection of rules can
MURDEREROF is not a subset of the second ar- be simplified into a single rule. For example, in rules
gument (ANIMATE_OBJ) of KILLER OF. 37, 38, and 39,
EVA also checks that the inverse of <relationi> is a Rule 37: LOSSCANOPY(x),ALTITUDE(x)>20000
subrelation of the inverse of <relation2>. EVA also -- REDUCE-ALTITUDE(x).
creates the missing inverse of a subrelation, if oe Rule 38: LOSSOXYGEN(x)ALTITUDE(x) > 20000
does not exist- 

REDUCE-ALTITUDE(x).

FUTURE EVA FUNCTIONALITY Rule 39: LOSS ENGINE(X)AALTITUDE(x) > 20000
--4 REDUCE-ALTITUDE(x).

The functional components describh;d below are part ofThfur ctional curronentrsc an d wbeimlemente ir fute the relations dealing with the "loss" of a system part areoA currotpeseh aabstracted into a more general relation, e.g., CRIPPLE,
EVA prototypes. Rule c: LOSS CANOPY(x) -*CRIPPLE(x)

Omission Checker Rule 03: LOSSOXYGEN(x)-*CRIPPLE(x)
Rule -y: LOSSENGINE(x) -,CRIPPLE(x)

Very often an application wntten in the object shell is

incomplete. This means there are omissions in the ap- and the three rules (37, 38, 39) are reduced to one
plication knowledge base. The omissions may be re- general rule.
ated to the structural rule graph, e.g., omission of rules Rule p: CRIPPLE(x),ALTITUDE(x)>20000
for missing cases or omission of terminating rules. -- REDUCE-ALTITUDE(x).
These are similar to missing some case or terminating
statements in a conventional programming language. On the other hand, the rule proposer can be used in an

intelligent debugger to adjust rules to fit test cases.
The other facet of the omission checker is related to in- When the application programmers run the application
duction or machine learning. Through the recognition of on the test cases, they may find errors in the applica-
structural information contained in facts and rules in the tion caused by incorrect rules. Conditions in the LHS
application and semantic information contained in the of a rule usuahiy define a class. In the case of an incor-
metaknowledge base, the omission checker may iden- rect rule, the rule proposer may apply the restnction or
ify some relations t"'t are not defined by the user, or generalization operation on the rule to define a more



specific or more general class, respectively. The such validation tools will continue to grow as 'uture

modified rule may allow the application to pass the test knowledge-based systems play a more critical ,tie in

cases successfully business, industry, government, and the sciences

Behavior Verifier

A system may be decomposed into many subsystems.
A subsystem may be represented by a collection of

anct3 and rules in the object sneil However. the sub-

system must have external inputoutput interfaces to

communicate with the outside world. For example, in

the space shuttle flight software system, the navigation

controller is a subsystem that sits in a control loop, col- References
iects and analyzes data, and then sends control signals

to the vehicle manipulator. 1 R A Stachowtz, J.B. Combs, 'Validation of Expert
Systems", Proceedings of the Twentieth Hawaii inter-

The behavior of the subsystem is a description of national Conference on Systems Sciences, 1987 pp
686-695.relationships among the external input/output interfaces 2. E. Miller, W. Howden, Tutorial on Software Testing and

and internal states of the subsystem. The subsystems Validation Tech~niques, IEEE, New York, NY, 1981
are connected together to make the system. The 3. TA. Nguyen, W.A. Perkins, T.J. Laffey. D Pecora. An Ex-
venfier s to prove that the intended behavior of the pert Systems Knowledge Base for Consistency and
system can be derved from the behaviors of the sub- Completeness" Proceedings of the int,il International

Joint Conference on Artiaa Intelligence, 1985. pp
systems and the connection descriptions. 375-378.

4 M Suwa. A.C. Scott, E.H. Shortliffe, "An Approach to
Control Checker Verifying Completeness and Consistency in a Rule-aased

Expert System", The AlMagazne,Vol. 1982, pp 16-21
All existing object shells provide some control con- 5 WW Royce, "Managing the Development of Large
structs to sequence the tiring of rules in the application. Software Systems: Concepts and Techniques'
For example, in ART, facts acting as permitting con- Proceedings, WESCON, August 1970

citions and salience (pnority instructions) can be used 6 B W Boehm, "A Spiral Model of Software Deveopment
and Enhancement", ACM Software Engineenng

to controi the rule firing sequence. Notes.March 1986.
7 1K.. Bimson, LB. Bums, "Knowledge Representaton in

In EVA, ,f the system designers want to impose order- Software Project Management: Theory and P'actice,
•ng constraints on some actions, they can specify them Proceedings of tMe Forum on Antificial Intelligence in
n the metashell, and the control checker will verify if Management, May 1986.

the order specified in the application rules corresponds

to or violaces the ordenng constraints specified in
EVA's metacomponents For example, in an office sys-

tem, an ordenng constraint is that a paper must be
'c'eared" before it is "published.'

CONCLUSION

The first prototype of EVA has been implemented in
ART and LISP ART-based systems being developed

at Lockneed such as the Sot,,are Project Management

system 7 nave been used as test cases. Other
Lockheed companies are using our prototype for their
.<!owledge-based applications.

It is evident that EVA provides a powerful means for

representing knowledge about an application domain
and for venfying that the knowledge is correct and com-

olete. EVA increases the reliability of knowledge-
based systems, speeds up their development, and as-
sists in their continuinq modification. The necessity for
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NEW CONCEPTS IN TELE-AUTONOMOUS SYSTEMS*

Lynn Conway, Richard Volz and Michael Walker

Robotics Research Laboratory
Department of Electrical Engineering and Computer Science

University of Michigan, Ann Arbor, MI 48109

ABSTRACT INTRODUCTION

We have taken up the challenge of integrating We are seeking simple, generic methods for
telemanipulation technology and autonomous system intermingling and integrating telemanipulation and
technology. We are seeking methods for integration autonomous systems technology. Now, you might
at a fundamental rather than an ad-hoc level. We ask, why would we want to do that?
believe that success in this effort can open up new
space and defense applications now beyond reach of First, we wish to provide more effective systems
either technology alone. for autonomous environmental manipulation.

Consider an Al cognition system embedded within an
In our presentation at this symposium, we overall perception-cognition-action system. Many

introduce a senes of concepts for "tele-autonomous" tasks of interest will involve perception- cognition-
systems. The concepts involve new system action computing delays on the order of fractions of a
;%r-hitect.'.z ,.d as.o ,A;dd new system interface second or seconds. How can we deal with suzh
controls including "time clutches", "position delays, when the basic behavioral acts to be done to
clutches" and "time brakes". complete a manipulation task themselves require only

on the order of fractions of a second or seconds?
Taker% together, the concepts enable effective,

efficient intermingling of real-time cognition and Presently we require substantial enviroiuznental
manipulation tasks performed by either humans or knowledge and then piece together preprogrammed
machines. The concepts also yield simple mechanisms forms of interactions to cope with such delays. When
and protocols for handoffs of such tasks between that isn't possible, we fall back on a rather halting,
multiple agents. stumbling form of perceive-think-act cycling, where

the perception to action delays are contained in each
In this presentation we focus primarily on the basic behavioral act. Could we get around this

tutorial introduction of the basic tele-automation somehow? After all, animals often perform
concepts. We then briefly describe our environment manipulations with the aid of visualizations out just in
for exploring this new technology and the results of front of their real time actions. Could we mechanize
our initial experiments. Further details concerning something like that?
tele-autonomous syste . architecture and our initial
experimental results can be found in an attachedrefeence[C0N71.The second challenge is to provide protocols for
reference [CON87}. the interaction between multiple autonomous

manipulation agents. Consider an ALV driving down
a remote road. It suddenly encounters uncertain
footing, and doesn't have sufficient exploratory

* This presentauon is based on recent work described in a behaviors and learning capabilities to get itself out of
paper [CONSI to be published in the Proceedings of the IEEE trouble. We know that Al will not soon be able to
lnternauonal Conference on Robotics and Automation, March handle all the cognitive tasks and especially not all the
30, 1987. A prepnnt of that paper is included with this manipulation tasks to get an ALV out of this kind of
AIAA/NASA/USAF Symposium preprint Our presentatrion i
further supplemented with a University of Michigan Robotics trouble. But how can we enable a human to easily
Research Laboratory video-report (CON87ai. 'slip into the cockpit" and take over in mid-manuever
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in such situations? How are they to perceive the local
,ask goals and judge whether they are making Z3
progress towards them? And how are they to hand
the task back to the machine?

This intriguing example illustrates the need to
bridge the gap betveen direct human control and Al 4 D
,:ontrol of manipulation systems. and the need for
handoff protocols between autonomous agents,
,whether human or machine. It is suggestive of the
arger space of such examples, many of which are

emerging in the machine intelligence research
programs now underway under DARPA's Strategic
Computing Initiative [DAR83], and emerging as a Start

result of NASA space station automation actovities. D
The basic challenge in such examples is how to

structure the actions and interactions of intelligent, 0 P , c - -.:r
goal-seeking s,, stems when their activities are at least
in part based on their physical manipulations of their
environment rather than simply on symbolic
communication. The challenge is how to mediate the
interactions of cognitive agents that are embedded in
perception-cognition-action systems.

Certainly there are a lot of ad-hoc, task-specific Figure 1 Visualizing a remote manipulation task
systems being built that do interact effectively in very p
narrow contexts. But such ad-hoc systems, while
individually useful, do not readily generalize to Coping with Time Delay
provide a basis for others to build upon. Could we
find some simple, general ways to think about the Because of our interest in remote 1P. and
problem? Could there be some basic, generic defense systems, we visualize trying the same
protocol, on top of which we could construct more manipulation with a time delay inserted into the
uniform s'stems? We think the answer to these return video path. We find that the telerobot's
questions is yes. motions then tend to be rather slow and jerky. The

operator must move a little and then wait through the
time delay to see what happened. As an illustration of

BASIC TELE-AL.TOMATION CONTROLS this point, observe in the video-report the telerobot
performing the manipulation task with no delay and

We now present a sequence of interface control then with a 2.0 second delay. The difficulties
concepts that collectively enable efficient control of introduced by the time delay are quite noticeable.
manipulation tasks and that enable simple protocols The time to complete the task is greatly extended.
for exchange of such tasks between control agents. (Note that for convenience, we display a model of the
This paper focusses on tutorial development of the telerobot using a Silicon Graphics IRIS workstation.
basic functional ideas. For details on architectures to The model is driven by the actual joint angles of the
mechanize these concepts, see 1CON871. telerobot, and is thus equivalent to observing video of

the real telerobot for our purposes here).
We begin by looking via video link over the

shoulder of a telerobotic manipulator, and To overcome the time delay problem, Noyes and
controlling the manipulator via a joystick as shown in Sheridan [NOY84] have suggested that the operator
Figure 1. We are to perform the simple task of control a local simulation of the telerobot, with the
touching in sequence each of a series of boxes. This control signals then sent in parallel to the simulation
task's difficulty is some function of the ratio of the and the remote telerobot. The simulation is then
distance between consecutive boxes and the sizes of displayed superimposed over the return video. In this
the bo-es. The difficulty can be varied easily, and we way the operator can "see" the effects of the control
can undertake various trials of performance as a immediately without having to fully wait for the
function of system parameters. For example, we return signal from the telerobot. As a result, task
could do some simple trials to see if the time to time is reduc,'d to nearly that of the no-delay case.
complete the task is a loganthmic function of D/S, as (Noyes's and Sheridan's concept is further sketched
in Fitts Law ICAR831. in figures 2.1. and 2.2 in [CON8"/1).
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Figure 2 presents a visualization of telerobotic segment can then be followed more quickly by the
manipulation using a forward simulation to cope with robot than would be the case if the robot '-kere
the time delay, as does the next segment in the time-synchronized to the specification process: .. iUi
video-report. The wire frame is the forward time synchrony disengaged, the robot can teadily
simulation that directly responds to operator control. proceed il nearly its maximum rate, subject of course
and the solid frame represents the tnie delayed image to error Ifitfits and hard constraints.
of the real telerobot. Much faster and smoother
control is achieved, as is evident in the videotape. An overall diagram of the basic system
This is a first step towards evolving machine architecture including the time clutch is contained in
manipulation visualization, since the visualization figure 3.1 in [CON87]. Figure 3 in this presentation
could help cope not only with communication delays, shows a path being generated well out in advance of
but also with computational delays within a the actual robot by an operator using forward
self-contained autonomous agent. simulation with time clutch disengaged. The

associated video-report also demonstrates the effects
of disengaging the time clutch; if you put a stop watch
on the action, you will measure a significant speed upL" 3 of the real telerobot's motion from that obtained
using forward simulation alone.

This step in the evolution of machine
manipulation visualization enables the cognitive agent

4 Eto "look and think ahead" of the manipulation undercontrol, with the look-ahead time being elastic, and
- ,not just a fixed internal or external system time delay.

The implementation of this new capability fequires
only a simple mutation of the forward simulation
previously used for coping with a time delay.

Start .

D3
conrol action:

X

J 2 "

Figure 2. Visualizing manipulation through
a time delay using forward simulation. Start

The Time Clutch

But, this first exploiwlion of real-time forward c..to action:
simulation is only the begi aing. Forward simulation
can also be exploited even if we don't have a TC
communications time delay. To do this, we introduce
the concept of a "time clutch,' to disengage synchrony
between. operator specification time and telerobot
manipulation time during path specification. Our
hypothesis is that operators can often think of and
generate a path segment more quickly than the Figure 3. Rapid manipulation path generation using
telerobot can follow it. Once generated, such a path forward simulation with time clutch. ..

3



T" Postion Cltc

We next introduce the conceut of a "position The opz his d , used up s of the tm
clutch" which enables a disengagement of position saved through a of he te ca h wth the resuit
synchrony between simulator and manipulator path that the overall task txm of the tel is reduce
(se figure 3.1 in [CON87] for syse diagram), We still f'-ther. Th n=z- senmt in the video-report
hpathesize that faster, shorter, cleaner paths can be ilustuaws this pomaL Tbt i level of mwaptlation
generatd on difficult tasks using this controL This visualizan omirspn& go qMik-vM j&FL= and
idea is illustrated in Figure 4, whid shows the use of vimalized trials of nmakiple ahrnti- ves" prior to
the positin clutch to disengage from path geetion commifem to actio, and its ip iememanom
ding a close approach to a difficak znuipulama reqnn only aother simple rzat of the basic
(i dkiS cas. wuchmg a small obgect). forward sizzulain cApbi*y.

Thbe Time BrAue

To h ccmrtmg and e we introduce
the concept of a tim brk. T s =ctrc l ca be used

A4000to deal with sauiazions such as uixneting falling over
4 a previously zmermd po as ilh1maed by the A"
[]0 m R iFigm5. ToFm 5ws time bik lml g

apphMe and the fbwm-ci.1zd man3pulatOr
backing dov, . ~pa Cm a ace t og the other
side of the obstacle before the real system gets there).

2 See figure 3.1 and the tet in [CONS7] for the
associated system arcIhustal concepts. The tmxt
seg of the video-repcr demonstrates the
applicatinn of the time .

Figwm 4. Using the positim cIul m cope with [-"
a more difficult manipulation. 4

Suppose, for example, that the operator had
arrived (in the simulation) at poim A ahead of tme Stat
by using the time clutch. The poition chadi cm dw-
be disengaged, stopping the output frxm the opear []
control from going to the real telerobot - - it will
only go to the simulation. When the forward
simlator Ls in good position, the positiom ci will
be reengaged, causing a short smooth path to be 7
mserted that links to the earlier path This avoids
inclusion of jittery prepositioning movemets in the
final path to be followed. Further, the time spem by
the oprator in achieving the propez position will nct
be inc~urred bry dhe real teleroboa sice dume motions

were "cli d" out of the path st the t Figure 5. Un time brake o hd a cotngency.

4



ibis apz air va2naimn c=iesxic to seezig
* sonxrici ac to hape tba will interrupt an

actim pleviwusly visualized but ot yet underway. If
it had gotten underway, or is allowed to get
underway, the system will have to dead with it
tdrough Local relex a-iaon or crash. But if visuaJized S. I
in ==. the cognitive agent: can withdraw the amton 1S
usng the tune brake. [

4

TASK HANDOFFS AND R&NDEZVOUS 2

These basic tele-autunomcm system interface
contioLs enable Us to greatly improve Stan
teleranipulation performanes, as we'll see in the
discusion of our initial experimental rcsni. But the
cont-ls do more than that- They also provide the
basis for a simple, elegant proocol for hand-ff and
ereezvous of tasks between diffka cmrol agents,

Imagine two operators, one in control of the AgentS" Ag
e = S

telerobot and the other abo~ut to take veir um relief of P
the fie.. Each operatr would be in cntnrol of a
simuiatm of the the telerob be only the comrols
sugnals of the first wonid be scm w the mal telerotv a
The relief operator would. with position clutch
discgaa ui de hisiber simujim as clse to ae FigDe (L Usig tune and poitio chwts to
tiut opmaous as pessW (r as ce as r ed, as task to mothe forward sirmlatiom agen.
a function of the interpolation and smoothing
metbos to be msed in the rudmaous) The first
operatr then disengages their positic l utch,
teaviig the pat6 "Thrging"- F ure 6 shows this IN rIAL EXPERIMENTS AND RESULTS
mument iu the interactio.

Ti Mianuozim tash in our initial experimenal
Tbe second oMatr then engag thew poson trials commed f havig e telerobot tuch a sees

clutch, rendezvousing with the path and taking of boxes of sue S. exc* separated by a d i D. By
control of fitre pah generaion When the actxd vayg D nd S we pdw ed tasks over a rage of
mampulator passes ova this path se w, it will do dd zkies. Our goals wa to esut o hypoheses
so smoothy and will not notiwe that a chmg of trm t tMe and posium clhabes cm rioe tre
control agent has occurred in mid-manmever. We overall manipulatim performance, and also to study
can again find interesting biological analogies to this the detailed functional relationship of task time vs
visualization situation. For example, consider the task difficulty over a range of system parameter
interactions among basketball players as they values. Analyses of such relatonships may lead to
previsualize fast-paced multiplayer ineractns, principles for the design of fun tele-autooomous

maniptlatr systems.

We believe that this simple protocol can be bult We can take a closer look at our experimental
upon to mechanize quite a wide range of setup in the video-reporL Youll notice the solid
manipulation interactions between autonomous robot image on the Silicon Graphics IRS display
agents. See for example the discso in [CON87J corresponds to the real robot. To simulate the effects
concerning the various scenarios of 'student pilot and of c "mnmn i delays, we insert a rime delay in
instructor pilot", where we consider handoffs of transmissions of iformation between the user
manipulation and cognition tasks among humans, control and the real telerobot. The user cmitrols the
between humans and machines, and among machines. telerobot through a joystick. The time and position
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clutches and the brake are foot pedals on the floor, among those nrterested in nurran-comput
While either of the clutches is depressed, the interaction, robotics, and artificial 1ntelicenue

co-rrespondming synchrony is disengaged, and while There are also challenges and opportunities
the brake is depressed, the simulation backs up in concerming provision of appropriate experimental
time toward the real telerobot's position. environments for such work in the larger research

community. The provision of shared access to
Each square block to be touched is placed a fixed remote telemanipulation facilities might enable more

distance D from its predecessor, but at a randomly researchers to collaborate on the evolutior of such
determined angle. The tests were performed across a new technologies [CON871.
a number of subjects, each performing each test a
number of times " ith different random placements of
the blocks. Results were first obtained with and SUMMARY
without time delays for direct tele-manipulation
(with no forward simulation), providing baselines We have begun to explore the integration of
for the remaining trials of the different modes of telemanipulation and autonomous system technology.
operation over a range of system paraneters. The We have created new concepts that enable substantial
principle system parameters varied during these telemanipulation task performance improvements.
trials were: These improvements are applicable to manipulations

controlled by humans or by machines. Our initial
(i) Difficulty ratio DIS, hypotheses concerning performance improvements
(ii) Manipulation size scale D, are well supported by our initial experiments. We
(iii) Communicatiqn delay time, have also demonstrated that the new concepts also
(iv) Mode of operation (with/wo clutches), enable simple, elegant protocols for handoffs of
(v) Robot joint angular velocity limits. maipulation tasks between autonomous agents. We

believe that a number of useful new space and defense
The resulting data on operator task specification applications can be based upon these concepts.

times and-robotic manipulation times are summarized
graphicafyin figures 5.2 and 5.3 in fCON871. In
those figures we see that the times for manipulation in REFERENCES
presence of delays are substantially reduced by
forward simulation and then again substantially [CAR83] Card, S., Moran, T. and NeweLl, A.,
reduced by use of the new tele-automation controls. The Psychology of Human-Computer Interaction,
(Substantially means a time improvement of at least a Lawrence Elbaum Assoc., Hillsdale, NI, 1983.
factor of two). For some parameter values the use of
the time clutch enabled operators to move out far [CON87] Conway, L, Volz, R. and Walker, M.,
ahead of the following elerobot. The use of the "Tele-Autonomous Systems: Methods and
position clutch enabled, operators to produce shorter Architectures for Intermingling Autonomous and
manipulation path lengths on complex tasks. Telerobotic Technology", Proceedings of the IEEE
Dentions,, ations of tht-se trials and also of hatdoffs International Conference on Robotics and
using the. position clutch are shown in. the Automation, March 30, 1987.
video-report. Refer to [CON871 for a detailed
presentation and analysis of our experimental results. [CON87a] Conway, L., Volz, R. and Walker, M.,

"New Concepts in Tele-Autonomous Systems",
RESEARCH PLANS AND ISSUES Robotics Research Laboratory Video-Report,

University of Michigan, February, 1987.
We are augmenting our experimental

environment to enable trials using additional forms [DAR83] DARPA, Strategic Computing: New
of telerobotic manipulators and manipulation Generation Computing Technology - A Strategic
interface controls. We are further analyzing the Plan for its Development and Application to Critical
sensory-cognitive-motor dynamics of the Problems in Defense, Defense Advanced Research
human-machine combination in efforts to generate Projects Agency, Arlington VAOctober 28, 1983.
additional- testable hypotheses regarding factors
affecting performance. We are also planning trials of [NOY841 Noyes, M. and Sheridan, T:. "A Novel
simple autonomous activity, with the manipulations Predictor for Telemanipulation through a
and han4,ffs being done under the control of At Time-Delay", Proc. of the Annual Conference on
planning programs. Manual Control, NASA Ames Research Center,

Moffett Field, CA, 1984.
This early tele-automation work suggests many

opportunities for new interdisciplinary interactions
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TELE-ALTONOIMOUS SYSTEMS: METHODS AND ARCHITECTLRES

FOR INTERMINGLING AUTONOMOUS AND TELEROBOTIC TECHNOLO(;Y

Lynn Conway, Richard Volz and Michael Walker

Robotics Research Laboratory

Department of Electrical Engineenng and Computer Science
University of Michigan, Ann Arbor, Michigan 48109

BSTRACIn the later sections of the paper we introduce furctionai

A Toncepts and terminology for 'tele-autonomous' or

As a result of recent advances in artifici" intelligence, tele-automation" technology. We present architectural and

,.uman cognitive modelling, autonomous systems and control methods for implementing these concepts, discuss our

Tlerobotics. there is an opportunity to broaden our concepts of experimental environment for exploring these concepts, a.nd

technology for projectng action at a distance. We draw on finally present the results of some recent experiments.

these advances to develop a conceptual and architectural
,rarnework that enables efficient projection in time and space C 1 1 Paradigms of Telerobotics
Lnterrangled manipulation and coniuion tasks. Up till now the concerns of the telerobotics communicy

Where Al-based autonomous systems have previously have been primanly those of the roboticist and control theorist,

ben concerned with human supervisory intervention prmanly dealing with ;ensing the physical environment, measunng

at a cognitive level, we add methods for rendezvous, capture positions, forces, and accelerations, and responding with

and rehandoff of embedded manipulation tasks. Where movements and forces to directly manipulate the piysical
:elerobotics has been concerned with the projection of environment. The human provides the cognitive power of the
ensory-motor mabpultion. we add the projection of cognitive system, with the human's sensory-motor processing

processing. Thus extended, the twu technologies mirror one minterueated and projected at a distance by the machine.

another and merge into one of "tele-autonomous systems". The coin of the telerobotics realm is manipulation.

We introduce notions of how the sensory, cognitive and Support for telerobotics has cume primarily from DOE for

motor functions of tele-autonomous systems can be factored projection of manipulation capability into hazardous

and transferred back and forth between human and machine, environments. Support has also come from NASA for

We illustrate how the times to complete tele-autonomous tasks projection of nanipulation into the space environment, and

can be reduced through time and space constraint relaxations from DoD for undersea applications. When teleroboticists

effected through simple controls: We employ the concepts of discuss the projection of "autonomous intelligence" to remote

forward simulation and predictor display, augmented by "time mechanisms, the projected capabilities are usually envisioned

and position clutches", "time ratio controls" and "time brakes", as programs that can be invoked to independently carry out

to control the resulting manipulation paths and event physical manipulation tasks while the human remains in contact

tansions. We sketch some generic architectural and human and control at a supervisory level [SHE86].

interface implications of these methods. Finaly, we describe
our environment for exploring these methods and the results of A common goal of telerootics research is the production

sm'xe recent experiments, of as realistic a sense of remote telepresence and telecontrol for
the human operator as possible, given physical constrants such
as communication delay times [NOY84, SHE86]. The goal is

INTRODUCTION to enable operators to do as neatly as well at manipulation tasks
as they could do if physically present at the mmoe location-

In this paper we draw on recent research advances in
autonomous systems and telerobotics, and develop a 1.2 Paradigms of Autonomous Systems
framework for an integrated technology that enables efficient
projection in time and space of intermingled manipulative and Within the past few years, the U. S. Department of
.ognitive tasks. The technology builds a bridge between Defense has been supporting a rapidly growing autor.omous
:e!erobotcs and intelligent autonomous systems by providing syste ns research community [DAR83, DAV85]. This
,ixthods for controlling real-time transitions between human community's concerns are those of computer scientists and
and machine control of remote events. artificial intelligence researchers working to produce self

contained, mobile platforms, such a- the Autonomous Land
In this inmxuctory section we reflect on the paradigms of Vehicle (ALV) [MAR86J and various autonomous undersea

'he telerobotics and autonomous systems research vehicles, that can maneuver around and em-. y machine
-ommunites. We illustrate gaps in the two paradigms, and cognition to seek high-level goals in their envi-,rments. The

YPPUMoMnes for technology integration, by describing practical focus is on mechanization of sufficient cognitive power to
'as's humans can do that would be hard to implement with achieve interesang goals, such as complex route planning and

nther technology alone. replanning to effect reconnaLasae or force jrojeco n missions.

Paper to be nresented at the 1987 IEEE Intemanon- Conference on Robotics and Automation.
Copyright 1987 IEEE. This paper is preprinted here with the permission of the IEEE.



and on providing sufficient perception and maneuvering The dual-controled aircraft story yie!ds several certanos
capability to do things like tollow roads, avoid obstacles, and that have interesting autonomous system a.nalogues. I-hc
f-nd things in the enviromint (DAR83. MAR861. nstructor can coach the student on varous seno)r-motor

,manipulation tasks, and on various cognitive ta-sks such as
Given present lirrutations and computational complexity of interpreting instrument reacLngs. Visualize the piloting coach

self-contained machine perception (such as machine vision., as a human supervisor, and the student as a remote
th. sensory-motor aspects of autonomous systems technology autonomous system: The coach can take over either cognition
are currently rather crude when compared to teleroborics. (correcung an nstrumentation interpetation) or take over
,.,hch can expioi! human perception. The community thus lower-level manipulation (prevent an unwanted stall). There is
tends to focus on widening the exploitation of machine a maLrix of possible division of responsibilities. Sensing,
cognition on tasks that are feasible given the envelope of thinking, and acting can be separately assigned and reasskgned
a, ailable percepuon technology, conducting a parallel effurt on at any moment to either the supcrm'iscr or :he s,stern.
incrmena enhancement of percepuon technology 1,rformance
lMAR861. The coin of this realm is cognition. and cognitive But what are the embedded protocols that make such
interacton with the environment at a symbolic level, human practices feasible? What shared knowledge is involved"

low are the transitions performed? How do both student and
A common goal of autonomous systems research is the coach know who's doing what at any moment? To make the

mechanization of cogntion and the associated task-dependent picture even more interesting, consider the fact that the overall
knowledge systems so that the remote machine is as smart, system has full duality: the role of coach and student is
robust, knowledgeable and persistent as a human rrught L n reversible under some situations. Could such insights have
attempting to carry oc, its mission. Since the focus of the work architectr,.al implications for general autonomous systems"
is on autonomy, human supervision or interaction is seldom
stressed. When the notion of supervisory control appears in 1.4. Merging the augmented paradigms
alitonomous systems. it usually is concerned with having the
human intervene if the system is "not smart enough" to Can we somehow build a solid bridge between theo e two
cognativiely handle a given situation [MAR6]. technologies so as to merge them? We believe the answer is

yes. as discussed in following sections. We also suggest that
qualitatively new kinds of functons and new opportunities for

1 3 Illustrative task examples. performance improvement appear as a result.

The following task examples shed light on our problem
space, and suggest opportunities and methods for blending 2. BASIC TELE-AUTONOMOUS SYSTEM CONCET'S
teleroboucs and autonomous systems. Consider text editing on
a workstation. A human operator can often envision and Consider either a teleoperator or a supervised autonomous
g:n-rate the cormnand sequence to achieve a local goal much system consisting of (i) a humnan, and (ii) a machine that is
faster than the workstation can effect the screen manipulation. partly local to the human and partly at the remote site of
Thus the human may quickly "type or mouse ahead" (assuming intended projected activity. Among the concerns of architects
the control stream can be buffered), then shift their cognitive or of such systems at: In specific sit . :ions. what is the human
manipulation attention to the task to be done when the machine best at? Worst at? What is the machine best at? Worst at" How
catches up [CAP.83). In contrast. n teleoperation syster. the can we shift control between human and machine to exploit
operator is often "slaved in real-tnie" to th. local -Ind remote these capabilities? Are there generic architectural principles to
sensory-motor apparatus. Can we imagine a telerobooc draw on? What are the constraints on ultamate performance?
'nalogy to type-ahead? What traitional constants can we find ways around? In this

section we will explore these questions to develop step-by-step
An extension of "type anead" iccurs when the operator some basic functional concepts for tele-autonotious systems.

has constructed their own, perhaps intelligent, high-level
cormn.ds such as "sort this list'. or "send a message to X to 2.1. Expanding the functions of telebotics
get the address of Y". The operator may dhen type ahead at a
rather high level, with each command in the sequence Let's first r examine some of the architect's questions
performing not just physical manipulations but also elaborate from the "tele-autonomous" point of view. One important
symbol!.c manipulations of the envircriment to eventually onstrant on performance in certain key applications is the tme
produce the text. Again, can we imagine a telerobotic analogy? delay for communications between the local and remote

system. Noyes and Sheridan [NOY841 have innovated and
Or, imagine that you are learning to fly in aircraft that has demonstrated a very novel way to cope with such a delay, by

dual controls. On a given flight your cognition may be just using a locally sitated forward-in-time telerobot simulator, and
fine, but you suddenly fail to manage a manipulation task. and a graphical "predictor display" overlay of the forward
'he instr.tor takes over. By analogy, an aitonomous system simulation onto the fixe 1-delay return video of remote
might be doing fine in its cognitive tasks, but might r-ed teleoperanion (Fig. 2.1). Such forward simulation enables an
occasional human help in its "lower-level" manipulation tasks. operator to move the controls and immediately visualize the
For example, an ALV might run off the road and get stuck, and effect of control action without wa:ting for the return video.
require a skilled "teledriver" to free it; this is quite a different Their experiments show that the time to perform manipulation
'orm of intervention than the "mental" supervisory intervention tasks in the presence of communication delays can be reduced
usually envisioned by ALV'ers. by exploiting sucn predictor displays (Fig. 2.2).

Intervention Lnto an ongoing autonomous manipulation But instead of just finding ways to better cope with
task may not be easy, since taking over in id-maneuver may constraints, can we also find ways to relax some constraints?
involve smoothly effecting a multidimensional control Suppose we had a forward simulator and predictor display, but
rendezvous. You can study a simple form of this situation by were not operating zhrough a large trm delay. Although we

,. 4rmcang with the cruise, ontrol of your autornr&xle. needn't enter commads prior to the observed time of their
remote execution, we still might want to do so, and we could
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use a modified version of forward simulation to do so. For As we discover control and human interface methods for
example, we might be able to enter commands a lot fater than such manipulation task transfers, pcrttps we can also gain
the telerobot could carry them out, as in "type ahead" insights into how to better smicta-e the meth'xIs for cognuve
Graphical overlay of accelerated forward simulaton enables as task transfer between human supervisor and autonorr, us
:o do this, and to then manage the cognitive limiaons of short system. Those methods are presently rather ad-hoc, being
term memory when commandaiig in advance of observed b..ed on diverse applications experiences in AL Finally, there
effects. Such simulation can be augmented by including is the human intrctace chaLenge of presenting "who has
'Kinematc andlor dynamic forward simulanon of portions of the control, of wha., and at what time and position?" The hunan
environr.ent- The : -suit is a sort of coordinated "faster that may set goals into the autonomous system, and then later be
real-ttme recording, and then real-time playback" form of called on to enter tasks to help de system reach either cognitive
manipulaticn control. or manipulaiou subgoals. Can we use some sort of task lattce

or tree, to represent and interface the distributed tasks
There appear to be a number of ways that displays of underway towards goals and subgoals? New human computer

-itmulanon overlain onto telerobot video can relax telerobouc interaction knowledge and iechnology must be developed to
time-synchrony corstraints, yielding possibilities for support these new possibilities for autonomous systems.
improvements in manipulation tame performance. We also
hvpothemze that freeing the opera= from the "time-slaving" 2.3. 'ntegmcai of tele -azxixxus fuiction.
and attenton const-aning aspects of tixc-synchronized control
may make a qualitative difference in the subjective "feel of the The distinctions between telerobotcs and autonorous
controls" of such systems, making them more like the systems blur when the technologies are each expanoed as
controlling of one s own limbs. This hypothesis may discussed above. But we don't just get the sum of the two
eventually be made testable by defining new measurements of technologes We get a technology with some new dimensions
peformaunce and fatigue in new forms of teroac sitatons for enabling action at a disan c. This leads us to wonder if

we should revise the goal of telembotics. Could it be possible
We can also visuaiize telerobotic manipulation as to lroject manipalazion capabilities to a distance that are beter

analogous to text editing, in that it is a series of sensory-motor in time performance than those of the unaided human?
.imited ta_.s intcmuxed with cogrnuvely-inmited tasks. Thus in Considerable research will be required to generate and test
,ome situations we may ,e able to project intelligent cognitive hypotheses to determine feasible performance improvements
:uncuons into the manipulation world (analogous to the "go ard limits of such an exr-.xed tel--manipulation technology.
find the addres" command during text editing) whale In additoU to examining new aspects of robotics and control
continwng direct editing manipulations. Methods that relax the methods, this esearch will also enter pmiously unexplored
consu-ain of command-to-nampulanon tie-synchrony might areas in the psychology of humian-caxnpurer interfacing
enable operators to better intermix such tasks.

2 2. Expanding the functions of autonomous systems
3. TELE-AUTONOMOUS SYSTEM ARCHITECI&hrRE

The transfer of cognitive tasks between supervising AND CONTROL METHODS.
numan ar remote machine is already a par of We aizonoous
systems paradigm. being based on past artificial intelligence In this section we describe methods for relaxing the
work on human machine cooper-aon in areas ake diagnoacs, operator to manipulator tme-synclhrny con rzwnt usualy
design, advisig and coaching [HAY831. Shifts between found in telerobotics. The firs key idea is the use of a
machine and human manipulation while the machine retains "time-clutch" to enable disengagement of time synchr-ny
cogruve control have not usually been considered However, dunng path planning. We extend this idea by adding a
:hese can now be seen as just a mirrm image, role-reversed "position cLiith" that allows forward snialation manipulanoa
version of the augn ,ted teleroboucs described above- Any and positioning trials without generating path plans. We

rward simulation. time marnipulation and control m e thods that include a "time-rauc contr l", in em al uiioins in the ratio of
work there will apply hre also. In both cases we must deal simulation time to real time. We introduce the conce-w, of a
with control and ournan interfacing of rendezvous, carure and 'time rAcke" to allow the forward %imuhltaioa to be "braked"
-,handoff of marupuation tasks btween human and machine. back in tima to avoid unf..seen contingencies. We then



provide scenarios of how these new controls might enable hcwed around in space, When the - . tcn ,s engige, :.!e
operators of the augmented systems to achieve considerable position (or rate) joystick control of the simulator :s sarnpee1
time improvements in certain manipulation tasks. We alo and directly controls the movements of a imuator mcdel
suggest how the augmented architectures enable easy Ahich Ls constrained in its movement rates and acceleratic, s as
transitions of control of cognition and manipulation tasks if it were a real robot. A buffer is inserned bet',een -he
between human and machine, thus enabling integrations and ,imuiator and the telerobotic manipulator. to hold the ,,ra,f
r:urrorings of telerobocic and intelligent autonormous functions. 5amplec position increments as incremental move :o

commands lsee Fig. 31).
3. ! Disengaging time-control synchrony usinag a Tlhne-Clutch. .With the time clutch is engaged, the command buffer

We bitld upon the forward simulation and predictor presents a stream of position points at a fixed sample rate, and
display concept of Noyes and Sheridan as follows. Suppose the telerobot can simply increment its position accordingly
we are using a te!erobotic system as in Fig. 2.1. We : ugnent But when the time clutch is disengaged, the distance beteen
the system with a control that we call a 'Time Clutch". This successive path positions may be greater than the telerobot can
control enables us to disengage the 'direct gearing" or tier-rate move in a time sample, and an interpolator is used to generate
,but not absolute tirne s;,nchrony of simulated time and intermediate points along the path. This interpolator can
real-time, ana tove the forward simulator ahead as fast as skill always be a~tive, with the only cufference in func:ion upon
and judgement will allow. The predictor display presents a disengaging the time clutch t-ing the bre,,LL' of smulator
forward path as a goal, th,.t is as a sequence of point positions contraints on simulator velocitie, and accelerations. In
to be followed by the system as fast as is feasible. Note that sophisticated systems where telemanipulator touch sensing and
the path could be generated subject to some s.-ttable mean error forte-sensing during interactions with the environment are
parameter, for example as a "tube" of given radius [SUH871. reflected back to the manipulator operator, disengagement of

the time clutch must also disengage these reflected forces .ard

The time clutch enables an operator to disengage fron, substitute simulated forces generated by the simulator
real-tme, and manipulate ahead of the displayed video of the
real manipulator by working the overlay wue-frame figure of 3.2 Disengaging positior. synchrony using a Position Clutch
the manipulator on the predictor display. Example situations
where this would have benefit would be during slow In some cases, we may want to move the forward
movements of large space structures and in slow undersea simulator in space without actually sampling the path. . or
vehwcle marupulanons. The operator can thus do the telerobotc example to pre-position for a complex manipuiation. Thus we
equvalent of type-ahead" and then perhaps slow down and may wish to disengage the simulator from recording any
carefully position for some tricky maneuver. We hypothesize positioning commands. To do this wi. disengage a
,hat in many manipulation task sequences such time saving "Position-Clutch" uiat allows forward simulation without path
accumulations and later exploitations will be possible, thus planning. This provides a positioning-synchrony constraint
reducing overail manipulation task times and al so the fraction relaxation analogous to the earlier time-synchrony relaxation.
of the task time that requires onerator involvemeitt In this case no position information is entered into the

command buffer ur.ti the position clutch is reengaged, at which
How can we implement the time clutch control? How is time the reengagement positon is entered into the control

the system to determine the path as a function of time when the buffer, and later used by the actual robot in path interpolation
..lutch is disengaged? The trm clutch can be thought of as a from the previous path position. If the real system catches up
simple switch used to make or break the connections within the with a position-clutch disengagement point, it hits an 'empty
kinemanc/dynamic robot simulation that would normally mark" in the command buffer and must wait for furtner path
constrain the rate at which the forward simulator could be data ti enter the buffer (see Fig. 3.1).

Figure 3.1: Using time and4position clutches, unr ratio and
time bake to coai,:,i forward

Msimulation path planning in a
tele-autonomous system.
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Noite that the urne-clutch can be disengaged while the to plan the path sequence in a synchronized. but kiaed. .;Te
rw'sion clutch is engaged. But diseng-aging the position _!Uch )o "-istead of using the time-clutch to di~eng.iie '
'.-'errides any actios of the time clutch. Rceengaging (he ,nchronv, we might want to osiablish a low time rdtit)
tme-clutch at-ter an interval of time-saving places the forw.ard r~etw.ecn 'umuiated anid real time. But there also arught be Las"i
-;mulator and predictor display in much the same relationship that mec telerobot can do far more rapidly than we could
:O the mrrote unit a-s when operating through a time delay, -ith ;,rescnibe kith the simulator. In those situations, if we hiad
:be iperaior 'Jirectlv generating a synchronized 'irnle and sav-ed up' some time, we could establish a high time-r-atio 'at
2O)-iflon trajectory in advance of the return -itdeo. In all these simulated tame to real tinme and slowly perform a manseuver to
2aIt e, oftm n oiio lthscnbesprmoee later done very rapidly by the telcrobot i(when it catches up
iser ::mne dela.\s in the communications betw4een the local and :j th-at section of the path).

"umteii-tcs assuming adequate biuffer capacity,).
Thiese timne-ratio" scalings relating real-time :, iarnulated

1-11e command b)uffer can be constructed to hold more ti=e can be easily implemented anid then controlled by allowing
ccimplex comnmands (in parallel) than just simple moves, a change of tune-ratio while the time-clutch is disengaged
(tnaut n g the op-erator to mark certain path positions as places (analogous to changing the gear-ratio of a vehicle while the
\-n ere in czmbeidded task is to be done. For example, suppose a clutch is disez'gaged). The time-ratio then holds its new value
vwi:-n must be pashed at some tioint along a pati. and that the until changed again during a later tim-dlutch disengagement.
manipulation program for switch pushing resides in the remote TIme-ratio scaling should not be confused with operauing while
controfler. The. operator might just mark the spot on the pLAth the time clutch is disengaged (where no fixed relacionship is
%4hen the forward simulator reached the switch (momentarily specified between simulator time to generate a path ant,
disengaging the time and position clutches and manipulating a telerobot tine to follow the path)-
screen menu entry ;ignifying switch 'iushing). The telerobot
manipulator tor remote vehicle, etc.) would then execute the
task when it arrived at that point on the real path, i-e.. when
that path information emerged froim the commrrand buffer. Handling of contingencies by using T-ime Brakes

3 3 Scenario showing use of the Time and Position Clutche- What are we to do if we are forward simulating way out
in front of the telemanipulator and suddenly see (in return

A short scenario for using the two clutches follows: We s ideo) something intrude into the planned path of the
perform a complex maneuver with clutches engaged. We theni r'anipulator? To handle such simple contingencies, we
disengage the timne-clutch to quickly hop over a series of simple l:itroduce a mcchanismn we call a'-Time Brake". Depression of
maunipulation mcvemrents, _uch as pushing a series of switches the time brake disengages the clutches ard 'decelerates
A fain "mroket-ail" superimposes the forward simulation path simulated time' by incrementally extracting (LIIFO) previously
over the return video display, helping us vis'Lizz our pr-ogress generated position commands from the command buffer. The
along the chosen path. Having saved some time, we then forward4 simulator is correspondingly moved in reverse back
d~isengage the position clutch, and by Trial and error movemnents down the path. This allows the opm-Ator to move (as quickly as
posmton our mani uatni simnulation to be at the right place to desired) back in time along the forward simulation path until
begin a. complx 'maneuv'er. Durng this phase, the located in space on the earlier side of the obstacle. We also
sunulation- generated manipulator image moves on the display, provide an 'emergency brake' that "immediately" empties the
lb~it leaves no 'smoketrail"! of a corritted path. Upon command buffer and halts the telemanipulator (subject, of
reaching the correct positon and orientation to begin the next course, to overshoots due to manipulator compliance and/or
mraneuser. we reengag botffc'utcrtes (the "smoketrail will nlow dynamic constraint managert, andI to races against 1/2 Tc,.
display the new interpolated path segment) and wait for the
r'emote system to catch tip: We then begin the maneuver. In 3.6. Manipulation and cognition control- tran sition s and their
his way we (0i save some time, (Wi use the time saved to later rurng ntlrbo n uevsdatnmu ytm

preposiIon for another action, (ii) 'void taking the actual mrinsi eebo n uesdatnmu ytm

remote system through' complex. manipulatively unnecessary The control methods described in this paper enable simple
preposition ing movements, and (N) do this alt in a natural way and smooth handoffs from local human teleoperation control to
"rough simple cc xols. and from "e!mote machine manipulation control (using

downloaded manipulation commands). But they also provide a
Note ,hiat the following of paths generated during base-level protocol that enables easy mechanizations of the

:me-clutch disengagements can be done by crude macthodi other types of transitions from local-convol by human or
,uch as simpie interpolationts while keeping movements slow machine of cogn ition -or- manipulation, to local-or-remote
friough to avoid robot rate limits. Or-it could be done by machine control of manipulatim-a-cognition. Seew this way.
,opiiisticated. methods that take into account the full dynamicrs the augmented teleoperatioa and aiitoaonous systems mirror
,)f tIhe situation and drive the remote telerobot at nearly its into one another to become tele-autoaiomous systems. Human
maximum feasihle rate along the path, given specific actuator or machine agents on 'either side of the minor" can explots
.mits and desired mean-err-or limits, This defines a large suntila' forward simulation and control hasidoff methods.

ir-deo~f space in the computational complexity of. trajectory
generation vs the time -performance and robustness of the We hypothesize that huiman opirm of this technology
- 'ultn manipulation, c an learn to accomplish graceful and efficient hand-offs.

4 Tue-Raio cintrA.rendezvous and recaptures of real-time thinking and4 Tue-Raic, on".mantpulation tmsks, and that human -or- machine
cognition-or-manipulation operatos ca-~ also exploit the

So far we have implied a I. I ratio of forward! simulation forward simulation constraint relaxations to improve
'ame to re-al time wie-n a tele-autonomous systen is operared in performance in many situations. Humans could thus
':ime-synchronizrd mode (time clutch engaged). This needn't supervise, or be dynamically embedded into, complex
Ie the case, For example, we rmght be able to operate the human-macbane task lattiom taking and releasing control of
simulator much faster than the telero6ot can follow, and wish subtasks at appropnaw Mme~s ariu i
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During these u rals, ot±hc key system parameters were hei: . er (TOP+FS). In the inital trials, we found that ' jma =

iSLaXt, as follows: 1 0 rad.isec. was high enough for the robot s Tm time to keep
,;p with even the shortest (TOP+FS+TC) Ts times (se Fig

(u) Workspce to morutor-scaeen krgth-.mao = 8 i. 5 2). We then found that Wjas = 0.5 rad./sec. constrined
rrn so that subjects could easily ourpace the robo and save ,ap

i0 Joystick sample period = 0.017 sm. :me (see Fig. 5 2). Many of the uially hypothesized forms uiire sults ',ere demonstrated using these parametert ranges.
ii) Joystick force constant = 0.01 mm per oz per sample

penod = 0.6 mm per sec. per oz- We then noticed that Ts and Tm grew less rapidly in D/S
than anticipated. We hypothesized that D = 500mm vas large

.v) Joystick .- rqnue constant = 0.0012 tad. per oz-in per sec.. enough, given the joystick constants and Wj values, to produce
dynamic constraints related to D and not just D/S. So we

v Joysuck gain constant, Gs, in (TOP+FS+TC) = 4.0. repeated scaled versions of these trials at smaller values of D.

vi) Angular velocities of all 6 PUMA joints were limted to Figure 5.3 shows the results for D = 250 mm and S = 50,
Wj < Wjrx = 0.5 radians per sec. (but see also belowi. 37 5. 25 and 12 5 mrm. (with work to screen scale = 16:1. and

Wjma = 0.5). It also includes results using D = 125mm and
Other comments on out methods: The chosen constant S = 25, 18.7, 12.5 and 6.2 mm (with work to screen scale =

values yield moderately responsive controls when moder'se 32: 1. and Wjmax = 0.1). These results are interesting, because
joystick forces and torqlues are applied. The angular velocity for all three modes the data per mode at D = 2.50mm and D =
li mits yield a moderamely fast robot (slower than the PU"MA can 125 mm essenialy fall on top of one another. The 250rmm and
go at its fastest, but very, very much faser than a scaled shuttle 125mm curves for each mode e well below those for D =
arm). All subjects engaged in preliminary learning trials. All. 500um. Refer Fig. 5.2 for the time-dutch mode data for D =
used the joystick "one-handed". Trials began after a period of 500mm (it would partly overly the Fig. 5.3 ame-clutch data).
preliminary learning. Comparable power-law of practice
performance levels [CAR83] were recorded for each mode. At this scale the system operates in a "Fitt's law-like

region, with Ts and Tm being functions of D/S (but not D),
Results of some of these initial trials for one subject are with the values in most cases at DVS = 20 about twice those at

plotted in Figures 5.2 , which shows the specification tme (Ts). D/S = 5. For Wjmax = 0-5, the robot's Tmn at this scale could
and manipulation tames (Tm) for tasks over the range of D/S stay up with the subjects Ts. We varied Wjmax and found
difficulty holding D = 500mm. Included are results, for values of 0.35 (for D = 250) and 0.25 (for D = 125) that
communicaion delays, Tc, of 0.0, 2.0 and 4.0 seconds. The yielded demos of significant tme differences between Tm and
results are displayed for the thre relevant modalities of cores'ol-, Ts for (TOP+FS+TC) mode on the easier tasks (see Fig. 5."
a) TOP, (b) (TOP+FS), and (c) (TOP+FS+TCQ.

We note that a comparison of TOP and (TOP+FS) repeats
experuments of Sheridan, et al. [HAS86, SHE861, confirming' For Tc =2 s* P
the results of :hat work. We see that (TOP+FS) gives a Tme - m TOP+F.
A.gniflcant gain in both Ts and Tm over TOP alone. Tlheb we' Tsc -0+F
nowce that (TOP+FS+TC) gives another significant gain in I Ts, sec - TOP+FS+TC -. A

90-

Til sm D 500ti 80-
Ts, sec ---- TOP+FS D. 250m

A20T="[ TOP- :S+TC D 125mm

1I Tc =60-

Tc 2 1

I t T- )c ,= -
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Figure 5.2: Initial tral results, showing Ts, Tm as functions Figure 5.3: Trials showing Tt, Tm ui ftinctons; of syslem
of system and task parameters for three modes of control. and task pautnrls for wvu* vahueg of task sa xa& D



On further scaling-down of D. the system enters :i FTUT.RE RESEARCH CHALLENGES
Heisenberg' region on the harder tasks S < 2 to 3mm

Position sample-sizes, interpolator discretzLtion and operator Tnis initial tele-automanon work suggests *'ppr

, tiers cause !arge :ncreases and variances in Tm and Ts (lik- xr coordination of research in several specLi.zed :d .

'r-.. ng to poke at :hings with a needle under a rrfcrosco!- -ai ses issues concer-ming research equipment ft . .- _

Tele-autonomous technology presents new cha eres :I
2urnan computer interaction. We have proposed a et ,t

Thro.:aho ;. :he u-.als. subjects notceJ sikin" g L: erencs :nzerface controls that are conceptually simple and easy !o
! t ,- 4eel- :or.e different c: ntrol modes, and deelope mechanize. The controls are generic ones that may Ie

,cec~ai :ac::cs for coping with each mode. Most treated TOP applicable in many different specialized situations. They are

presence of deavs like hitting a series of successive!., Lso cogniuvely and manipulauvely accessibie to the uninitiated
,orter golf shots', :-,' ng to get closer each time. Subjects by analogy. But many other new human interface aspects
con:rolled ,TOP+FS) aggressively, firmly driving the simulator havent been pinned down at all. How is Lhe operator to
:o each swtch. The (TOP+FSTC) mode was usually handled visualize where they are, who has control of what. and w ho
itth fnesse, so as to drive it fast, but not so fast as to yield a they give control to next as they enter or leave some sub:ask

wild path and thus large Tm and large LnV5D. within a complex task lattce? What mea..,es can we provide
concerning operator performance. and what feedback an .,.e

In addition to thesp preliminary quantitative results. ve linvide? And what about the analysis and design of coni,ve
-ave demonstrated the use of .e posinon ciuich to enable and manipulation tasks themselves? Research can perhaps
graceful handoffs of control by one agent and rendevous of provide better measures of joint human-mach ne
controi by another agent. This is done by simply having two cognitive-manipulative performance. Antalyses sumlar to those
human operators swap use of the controls following in CAR83] may then lead us to design intertmxrgs of hurmin
disengagement of the position clutch once the forward and machine activity that yield substantial improve',e-.s in

s-mulaton is out well ahead of the telcrobot We have compiled overall performance.
.i ,,deo report showimg the above experiments, demonstrauons
a.d control effects (CON87. Research challenges arise in robotcs, such as the eventual

need to perceive, model and forward simulate not only the

5 2. Plans for further experiments and concept demonstrations remote tele-automaton, but also portions of the remote
environment itself. Forward simulation will work fine when

We are contirting the above series of rials, varyin2 interacting with static objects, but what about nteractions with
additional system parameters. We are also preparing additional moving objects? Even if we knew how to specify interactions
types of experiments and demos. The time brake and position with moving objects, such work would be severely constrained
clutch will be used [c determine their effects on specifwation by the high computational complexity of present methods for
and manipulation times, and manipulation path lengths representing and simulating mechanical systems. Further basic
[Skilled operators can use the time brake to "erase" poor path work, such as that of Hopcroft, on efficient representation and
sections, and the position clutch to make and "jump across' simulation of mechanical systems is required f we are to
gaps during overshoots). The time brake will be tested n 1", 1le problems of really interesting complexity {HOP'"
contingencies iexample: an obstacle falls across the plann,
path behind the forward simulator). Transitions involving More work is needed on methods for path-error
:ogniuve/manipulative task-nesting will be explored. We %ill specification and associated methods for the time optmization
add the command buffer and interpolator modificationsand
4CI controls, to implement and demonstrate unme-ratio control of path following, such as in (SUHR8I. Addinonal work is

also needed on autonomous "reflex" actions that the remote
robot can perform when encountering uncertainties (particularly

We also plan to attempt demos of simple forms of those involving contact) not modelled in the forward

role-reversal by having the tcle-automaton do the path simulation. We also need augmented Al programming

planning, and lemng the human rendezvous to telemanipulate environments that interface in such a way with real-time

along selected portions of the projected path. In the role programming environments as to easily enable ranid estinanon

reversal demo a route planner uses Al techniques to plan a path of time available for short-term Al planning tasks (enabling us
to select amrong Al methods as a function of available time).

through a maze. The planner then places the path into the g
forward simulator and, when necessary, calls upon the human
to take over and man,pulate through certain path segments. The We believe that fundamental work can be done in these
human then just drives the manipulator along the displayed path areas with modest robotic laboratory equipment. AI
segment. Ths mirrmcs a human taking over the driving of an techniques [WiN84] and expert system technology [HAY831
ALV while the ALV remains under machine cognitive control. have matured so that roboticists can now mechanize
This environnent will also enable demos ot human intervention knowledge-intensive cognitive functions well beyond their
-n cognitive tsks, for example to assist in planning the route if reach just a few years ago, 1nd can run these systems on
" i rachime gets stuck in that high-level planning task. accessible workstations. Thus rmxings of manipulation and

We found basic principles such as Fin's law very useful cogntion technologies, am now ripe for research expioraoon.

:n thinking about forms of testbeds and hypotheses for our
early trals. We need to consider additional system parar eters However, some experiments will benefit from
and also the dynarrcs of the human/machine combination, multi-dimensional teleoperators or high-tech automation or
generate further hypotheses regarding fa tors affecting autonomous system technology. One way to gain access to
performance, and theo design experiments to test these ideas. such expensive equipment is to treat remoteness as a feature:
Such work may eventually produce principles and design rules For example, we are negotiating connection of our
fcr icic-auonomious manipulation systems. tele-autonomous control equipment via satellite links with



iutomanon systems at se---al rinote snes. As such efforts DAR83] DARPA, Strategic Compuwin, ,ew-Generint-,
provide useful testbeds, others mght exploit shared access to Cmpunng Techntology A Strategic Plan for its Developmett
the same remote faciLtes. Shared access to capital equipmen, and Application to Critical Problems in Defense, Defense
has obvious costs benefits, but in addition can stimuLate Advanced Research Projects Agency, Arlington, VA, October

utandards, collaborations and healthy direct competitions 28, 1983.
among researchers. Shared access to silicon foundries greatly
increa.sed the productivity of the VLSI rsearch community [DAV851 Davis, D. B., "Assessing the Strategic Computing
ICON8lJ; a remote tele-automation facility could play an Initive', High Technology, April 1985.analogous role in tele-autonmu systems research. rHAS86] Hashimoto, T. and Sheridan, T. B., Paper to bepublished in the Japanese Journal of Ergonorucs.

7. S UMMAR Y [HAY83] Hayes-Roth, F., Waterman, D. W., Leriat, D. B,
ed., Building Expert Systems, Addison-Wesley, Reading,
MA, 1983.
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implemennng the technology, using controls over time and Robotics for Computer Science." In Advances in Robotics,
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telerobotcs can be extended to include projection of cognitive Land Vehicle 2nd Quarterly Review'", DARPA ALV
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between machine and human operator. Through such [NAS811 NASA, Shuttle Flight Operations Manual, Payload
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ABSTRACT
Another aspect of motion control s

A hierarchical architectu:3 is concerned with the variables being
lescribed w nch supports space station controlled. The research described to
telerobots in a variety of modes. The this point was concerned primarily with
system is divided into three hierarchies: position control. The robot moved from an
task decomposition, world model, and initial position to a goal position.
sensory processing. Gcals at each level While this is perhaps the most common
of the task decomposition hierarchy are mode, there are many applications for
divided both spatially and temporally into robots which suggest that other variables
simpler commands for the next lower level, should be controlled. For example, force
:his decomposition is repeated until, at control would be desired for assembly
tne lowest level, the drive signals to the operations. Ra-bert and Craig 12"
robot actuators are generated. To suggest a method for hybrid position/force
accomplish its goals, task decomposition control of manipulators.
modules must often use information stored
:n the world model. The purpose of the These examples point to the more
sensory system is to update the world general problem of sensory processing.
model as rapidly as possible to keep the For a great deal of robot motion researcn,
model in registration with the physical sensory processing has been limited to
world. This paper describes the Ioint positions, velocities, and
arcLitecture of the entire control system accelerations. However, other sensors are
hierarchi and how it can be applied to often required to accomplish tasks. The
space telerzbot applications. control community has concentrated on the

control aspects of the robot and as
result, little emphasis has been placed on
sophisticated sensory processing.

1. INTRODUCTION
Machine vision, an offshoot of Image

One of the ma:or directions on which processing research, has recently been
tne robot research community has associated with advanced robot
concentrated its efforts is concerned with applications. One of the most interesting
planning and controlling motion. Given a directions in this research area is

specific task, a motion plan must be concerned with sensor controlled robots.
calculated which meets the task Operating with the constraints imposed by
requirements. Then, the plan must be real-time robot control, early methods
executed; there must be sufficient control used structured light and binary images
for the robot to adequately effect the [13,14,15,16'. These approaches, though

developed at different institutions,
deslred motion, shared many concepts. One of the

importanc subsequent research efforts went
Trajectories are often planned as toward the development of model-based

straight lines in Cartesian space r1]. image processing. Bolles and Cain r17]
Whitney '2,3] developed the resolved used models of objects to guide the
motion rate control method for Cartesian algorithms in a hypothesis/verification
straight line motions. Paul [4,5,6] scheme known as the local feature focus
u/sed homogeneous coordinate method. The concept has recently been
transformations to describe a trajectory extended from two dimensional (i.e. nearly
as a function of time, and Taylor [7] used flat) objects to three dimensional objects
coorriiated joint control over small [18]. Although the approaches described
segments to keep the trajectory within a here have led to 3 better understanding of
specified devi3tion of the desired real-time vision processing, the systems
straight line trajectory. lacked a sophisticated interconnection

While the research described above with the robot control system.

employs a "kinematic" approach to robot The Automated Manufacturing Research
control, another direction of research Facility (AMRF), developed at the National
takes the maiiipulator "dynamics" into Bureau of Standards, is a hierarchically
account in the description of robot organized small-batch metal machining shop
motion. The dynamic equations of motion [19]. It separates sensory processing and
are described either by the Lagrangian robot control by a sophisticated world
formulation '8] or by the Newton-Euler

eqaton i]. Alorths ndcopuer model. The world model has threeequations 9]. Algorithms and comput r complementary data representations. Lumia
architectures have been suggested which [20] describes the CAD-like section of the
promise real-time dynamic robot control model. Shneier, Kent, and Mansbach [211

describe the octree and table



representations su,ported by the model. 2.2. world Mode!Lng - M modules
mhe model generates hypotheses for the _Remember, Estmate, 7 ,
features which are either verified or Evaluate)
refuted by empirical evidence. The

sensory system's task is to update the The second leg of the hierarch/
appropriate parts of the world model 4 oonsists of world modeling M mod'les whlcn

new or revised date as rapidly as model (i.e. remember, estimate, oredict
oossible. The contrcl system accesses the ind evaluate the state of the world. The
.ioril model as desired to obtain the world model' is the system's best
current best quess concerning any aspect estimate and evaluation of the hIstcry,
: the world. Shne-er, LUmia, and Kent current state, and possible future states
22 describe tne sensory system and its of the world, including the states of the

cceraticn in greater detail. The AXRF was system being controlled. The "world
toe first deliberate attempt to tie model" includes both the M modules and a

together sensory processing, world knowledge base stored in a com-mon memory
modeling, and robot control in a generic iatabase where state variables, maps,
fashion. The system developed for the lists of objects and events, and

AMIRF is applicable to more than attributes of objects and events are

manufacturing. This paper describes its maintained. By this definition, the world

;se in space telerobotics. model corresponds to what is widely known
throughout the artificial intelligence

A FI:NCTCNAL SYSTEM ARCHITECTURE community as a "blackboard" 23'. The
world model performs the foiowLng

The fundamental paradigm is shown in functions:
Figure 1. The control system architecture
is a three legged hierarchy of computing I. Mdintain the =cin memory
modules, seriiced by a communications knowledge babe 'y accepting
system and a common memory. The task informa at12n from tne -ensory
decomposltion modules perform real-time system.
planning and task monitoring functions,
and decompose task goals both spatially 2. Provide predictions ot expected
and temporally. The sensory processing sensory input to the
modules filter, correlate, detect, and corresponding G modules, based
integrate sensory information over both on the state of the task and
space and time in order to recognize and estimates of the external world.
measure patterns, features, objects, 3. Answer "What is?" questions
events, and relationships in the external asked by the executors ,n the
world. The world modeling modules answer corresponding level H modules.
queries, make predictions, and compute The task executor can request
evaluation functions on the state space the values of any system
defined by the information stored in variable.
common memory. Common memory is a glub.al
database which contains the system's best 4. Answer "What if?" questions
estimate of the state of the external asked by the planners in the
world. The world modeling modules keep corresponding level H modules.
the common memory database current and The M modules predicu the
zonsistent. results of hypothesized actions.

2.1. Task Decomposition - H modules Z.3. Sensory Processing - G modules
(Plan, Execute) (Filter, integrate, Detect,

Measure)
The first leg of the hierarchy

consists of task decomposition 1: modules The third leg of the hierarchy
which plan and execute the decomposition consists of sensory processing G modules.
of high level goals into low level These recognize patterns, detect events,
actions. Task decomposition involves both and filter and integrate sensory
a temporal decomposition (into sequential information over space and time. The G
actions along the time line) and a spatial modules at each level compare world model
decomposition (into concurrent actions by predictions with sensory observations and
different subsystems). Each H module at compute correlation and difference
each level consists of a job assignment functions. These are integrated over time
nanager :A, a set of planners PL(i), and a and space so as to fuse sensory
set cZ executors EX(i) . These decompose information from multiple sources over
the input task into both spatially and extended time intervals. Newly detected
temporally distinct subtasks as shown in or recognized events, objects, and
Figure 2. This will be described in relationships are entered by the M modules
greater detail in section 4. into the world model common memory

database. and objects or relationships
perceived to no longer exist are removed.
The G modules also contain functions which
can compute confidence factors and
probabilities of recognized events, and
statistical estimates of stochastic state
variable values.



.4. <cerator interfaces recognized objects and events, oobect
Control, Observe, Define Goals, parameters, and state variables such as
indicate Cbjects) positions, velocities, forces, confidence

levels, tolerances, traces of ast
The control architecture defined history, plans for future actions, and

nere has an operator interface at each current priorities and utility function
Level in the hierarchy. The operator values. These may be displayed in
interface provides a means by which human graphical form, for example using dials or
Dperatcrs, either in the space station or bar graphs for scalar variables, shaded
on the ground, can observe and supervise graphics for object geometry, and
the telerobot. Each level of the task variety of map displays for spatial
decomposition hierarchy provides an occupancy.
interface where the human operator can
assume control. The task commands into 2.4.3 Sensory processing/world modeling
any level can be derived either from the interfaces
hiqher level H module, or from the
:ceratcr interface. Using a variety of The operator interface may also
input devices such as a joystick, mouse, permit interaction with the sensory
:rackball, light pen, keyboard, voice processing and/or world modeling modules.
-nput, etc., a human operator can enter For example, an operator using a video
the control hierarchy at any level, at any monitor with a graphics overlay and a
time of his choosing, to monitor a light pen or joystick might provide human
process, to insert information, to interpretative assistance to t"e
interrupt automatic operation and take vision/wcrld modeling system. The
control of the task being performed, or to operator might interactively assist the

apply human intelligence to sensory model matching algorithms by indicating
crocessing or world modeling functions. with a light pen which features in the

image (e.g. edges, corners) correspond t7
The sharing of commai.i input between those in a stored model. Alternative!y,

human and autonomous control need not be an operator could use a oystick to line
all or none. It is possible in many cases up a wireframe model with a 7; image,
for the human and the automatic either in 2-D or 3-D. The operator might
controllers to simultaneously share either move the wireframe model so as to
control of a telerobot system. For line up with the image, or move the camera
example a human might control the position so as to line up the image with

orientation of a camera while the robot the model. Once the alignment was nearly
automatically translates the same camera correct, the operator could allow
through space. automatic matching algorithms to complete

the match, and track future movements of
2.4.1 Operator Control interface levels the image.

The operator can enter the hierarchy 2.5. Common Memory
at any level. The operator control
interface interprets teleoperation in the 2.5.1. Communications
fullest sense: a teleoperator is any
device which is controlled by a human from One of the primary functions of
a remote location. While the master-1.ave common memory is to facilitate
paradiqm is certainly a type of communications between modules.
teleoperation, it does not constitute the Communications within the control

,nlyomuictin withi the contro iteatin. A
only form of man-machine interaction. At hierarchy is supported by a common memory
jifferent levels of the hierarchy, the in which state variables are globally
:.nterface device for the human may change defined.
but the fundamental concept of
teleoperation is still preserved. Table 1 Each module in the sensory
'llustrates the interaction an operator processing, world modeling, and tauk

may have at each level, decomposition hierarchies reads inputs
The operator control interface thus from, and writes outputs to, the common

provides mechanisms for entering new memory. Thus each module needs only to
instructions or programs into the various know where in common memory its input
;ontrol modules. This can be used on-line variables are stored, and where in common
for real-time supervisory control, or in a memory it should write its output
cackground mode for altering autonomous variables. The data structures in the
telerobot plans before autonomous common memory then define the interfaces
execution reacnes that part of the plan. between the G, M, and H modules.

2.4.2 Operator monitoring interfaces Tho operator interfAces also interact
with the system through common memory.

The operator interfaces allow the The operator displays simply read the
human the option of simply monitoring any variables they need from the locations in
level. Windows into the common memory common memory. If the operator wishes to
knowledge base permit viewing of maps of take control of the system, he simply
service bay layout, geometric descriptions writes command variables * to the
ind mechanical and electrical appropriate locations in common memory.
oonfigjrations of satellites, lists of The control modules that read from those



locations need not know whether their decomposed into seq,.ences :f -
Input commands derived from a 'uman moves defined in te-ms of
.perator, or from the next higher level in manipulator or vehicle subsystem
the autonomous control hierarchy. motions. This decomposiicn

checks to assure that there
2.5.2 State Variables exist motion freeways clear of

obstacles between keyframe
The state variables in com-mon memory poses, and schedules coordinated

are the system's best estimate of the activity of telerobot
state of the world, includirng both the subsystems, such as the
external environment and the internal transporter, dual a r
state of the H, M, end G modules. Data in manipulators, multifingered
common memory are available to all modules grippers, and camera arms.
it all levels of the control system.

Level 5 decomposes actions to be
The knowledge base in the common performed on batches of parts

memory consists of three elements: maps into tasks performed on
which describe the spatial occupancy of individual objects. It
the world, object-attribute linked lists, schedules the actions of one or
and state variables. more telerobot systems to

coordinate witn other machines
3. LEVELS IN THE CONTROL HIERARCHY and systems operating in the

immediate vicinity. For
The control system architecture example, Level 5 decomposes

described here for the Flight Telerobot service bay action sche.les
System is a six level hierarchy as shown into sequence3 of object task
in Figure 3. At each level in this commands to various telerobot
hierarchy a fundamental transformation is servicers, astronauts, and
performed on the task. automatic berthing mechanis..s.

Service bay actions aee
level 1 transforms coordinates from aSevc a atin a-

convenient coordinate frame into typically specified in terms of
coint coordinates. This .evel servicing operations to be
alsosrvosjoint oriae. ti , vperformed by all the systemsalso servos joint positions,(mcnia adhun) na
velocities, and forces. (mechanical and human) in a

service bay on a whole
Level 2 computes inertial dynamics, and satellite. This decomposition

generates smooth trajectories in typically assigns servicing
a convenient coordinate frame, tasks to various telerobotsystems, and schedules servicing

Level 3 decomposes elementary move tasks so as to maximize the
commands (E-moves) into strings effectiveness of the service bay

of intermediate poses. E-moves resources.

are typically defined in terms Level 6 decomposes the satellite
of motion of the subsystem being servicing mission plan into
controlled (i.e., transporter, service bay action commands.
manipulator, camera platform, Mission plans are typically
etc.) through a space defined ljy specified in terms of satellite
Son n ccrdinatc Zytem. ig priorities,
7-move commands may consist of r riitsa

svblcnmsof elementary requirements, constraints, andsymbolic names omission time line. The level 6
movements, or may be expressed decomposition typically assigns
as keyframe descriptions of 3atellites to service bays, sets
desired relationships to be priorities for service bay
achieved between system state activities, generates

variables. E-moves are requirements for spare parts ana
decomposed into strings of tool kits, and schedules the
intermediate poses which define activities of the 4ervice bays
motion pathways that have been so as to m~xmize the
checked for clearance with effectiveness of the satellite
potential obstacles, and which servicing mission. To - large
avoid kinematic singiularitie,. extent the 'eve! 6 mission plans

will be generated off line on
Level 4 decomposes object task commands the qround, either by human

specified in terms of actions mission planners, or by
performed on objects into automatic or semiautomatic
sequences of E-moves defined in mission planning methods.
terms of manipulator motions.
Oblect tasks typically define
actions to be verformed by a
single multiarmed telerobot sys-
tem on one object at a time.
Tasks defined in terms of
actions on objects are
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:he H odle t ohleel on~~s .unction EX(s. n typically eqruals 1. Th e

- ~ur 4 a subgoal event information for -crdinationassigc'Ient manager :A, o=e or ,more of output betweon executors at the Same
z_1ners p, and cne or more executors lee. When the executor de-ects a

s . sugoal event, it selects the next planned
7'- esubtask from the queue.
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ccc spatially r logically :O-nt5arns requests for infor-mationm from t' --e
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o~gioalLy, distinct ;obs.

each~ teseThis paper Las described a hierarchr-callv
For eaho,' ths ob commands ;Cs) organized control systam and h"as shown how

tnee exists a plne PL(s) an a this generic system can be" app-'ed
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planned subtasks PST(s,tt). Planning station.
typically requires evaluation of
alternative hypothetical sequences of REFERENCES
planned subtaskc-. The planner
hiypothesizes some action or series of 1 M. Brady, et.al. , ed. Robot Mn~inn:
actions, the world model predicts the lnig ad 2nrl Cmrie I
results of the action(s) and computes some Press, 19827
evaluati on funct ion EF(s,tt) on the
predicted resulting state of the world. '21 D.E. Whitney, "Resolved Motl _i Rate,The nypothetilcalI sequence of actions onol of Manipulators and Huxan
producing the best L:.--uaticn function Piostheses," IEEE Trans. Man-Machine
Fs , tt) max is then selected as the pl.n Sytm --0 99 ' 7

PST's,tt: to be executed hy the executor
EX : 

osf]D.E. Whitney, "The Mat amatics
?L'S) JC(s1,Fst~rx Coordinated Control o f Prostheses ard

,EFs~t~mx~Manipulators, " journal of q:Cnamic Systems,
tt s te tme eqenc inex or Measurement, CIonvtrol, De-c. 1972, p 303.

steps in the plan. tt ma! also be defined ~3 RP al Mnpltr Pt
as a running temporal index in planning on r . Pal "Ma n. oxf npulatornPth

s , 2.........,th woere th is and Society, New York, p. 147.
:1value of the 1-t index at the planning -

-ozo.o. The planning horizon is defined '51 R.P. Paul, "Manipulator Cartesian
-i te period into the future over which a Pt oto, EETas Sses a

us prepared. Each level of the Cybernetics SMC-9, 1979, p. 702.
arohy has a planning horizon of one or

-oexpected input task time durations. r6] R.P. Paul, Robot Manipulators:

Eac excutr Es) is espnsile Mathemaoics, ProgrammingL a!nd Control,
Hascesu execut )ing tepopiln (Cambri-'ge, MIT Press, 1981.)

pSstt repared by its respective '7] R. H. Taylor, "Planning and Execution
n'ner P ''s; If all the subtasks in the -of Straight-lire Manipulatorplan PST~s,tt) are successfully executed, Trajectories," IBM 3. Research andthen the goal of the original task will be -eeomn 2-17, .44

achieved. The executor operates by
sele-tinq a subtask from the uurrent queue :8; J.M. Hollerbach, "A Recursive
of planned subtasks and outputting a iFormulatic~n of Lagrarqian Manipulator
subcommand STX(s,t ' to the appropriate Dynamics," IEEE Trans. SysteMs. ManL
sumordinate H module at time t. The EY(s) Cyberrptics S MC-l0, 11, 1980, p.*
module monitors its feedback FBrs,t) input
in order to sero its output STX(s,t) to :9 J.Y.S. 1Luh, M.W. Walker, and R.P.C.
thE desired subtask activity.

Paul, "on-line Computational Scheme for
.,ZX s,t'-n) - EXfs) :PST(s,t),FB(s,t): Mechanical Kanipulators," J. Dynamic

Systems, Metssurement, Contriol, 102, 1980,
p. 69.



i0' C.S.G. Lee, 0 R. Chang, "Efficient :ABLE L--OPERAT)? :N ERA C.4N AT -A2H
Parallel Algorithm for Robot Inverse LEVEL
Dynamics Computation," IEEE Trans. on
Systems Man and Cybernetics, Vol. SMC-16,
No. 4, July/August 1986, p. 532. LE7VEL TYPE OF :NTERACTION

IL[] E.E. Binder, J.:. Herzoy, At the servo replica n.aster, individual
'Distributed Computer Architecture and ;oinr pusitlon, rate, or
Fast Parallel Algorithm in Real-Time Robot force controiers.
Control," IEEE Tr-ns. on Systems, Man and
Cybernetics, Vol. SMC-16, No. 4,Cyabove level I -oy stick Co 0 .e r fo -m
July/August 1986, p. 543. resolved motion force/rate

:12] M.H. Raibert and J.J. Craig, "Hybrid contro

position/force control of manipulators," above level 2 :ndlc~te safe totaon
T Dy-namic Svtems, Measurement, Control, dcte

June, 1981, p. 126. - w. co e
dy na mi c ally effici~ent

:111 W.A. Perkins, "A Model Based Vision o"ements

System for Industrial Parts," IEEE Trans. above level 3 graphically or symbolicaijy
on Computers, Vol. C-27, 1978, p. 126. deficlky os menus to' ' define key poses, menus 'to

-141 G.L. Gleason, G.J. Agin, "A Modular choose elemental moves.
Visicn System for Sensor-controlled

Manipulation and Inspection," Proc. 9th above level 4 specifI tasks to Le
nt. Symposium on Industrial Robots, 1979, performed on obects.

p. 57. above level 7 reassign telerobots to

:151 M.R. Ward, st.al., "CONSIGHT An different serice eays.
Adaptive Robot with Vision," Robotics insert, modify, and mongrel
Today, 1979, p. 26. plans describing servicng

task sequences.

l6] J. Albus, E. Kent, M. Nashman, P.
Mansbach, L. Falombo, M.O. Shneier, "Six above level 6 reconfigvre ser-.,Ing

Dimensional Vision System," SPIE, Vol. missior. priorities.

326, Robot Vision, 1982, p. 142.

[171 R.C. 3olles, P.A. Cain, "Recognizing
and Locating Partially Visible Objects:
The Local Feature-Focus Method," Int.
Journal of Robotics Research, '.,l. 1
1982, p. 57.

-18] R.C. Bolles, P. Horaud, M.J. Harnah,

"3DPO: Three Dimensicnal Parts
Orientation System," Proc. of The tnt.
Joint Conf. on Artificial Intelligence,
August 1983, p. 1116.

,19] J.A. Simpson, R.J. Hocken, J.S.
Albus, "The Automated Manufacturing
Research Facility of the National Bureau
of Standards," Journal of Manufacturing
System, Vol. 1, No. 1, 1983, p. 17.

"20] R. Lumia, "Representing Solids for a
Real-Time Robot Sensory System," Proc.
Prolamat 1985, Paris, June 198E.

C21] M.O. Shnsier, E.W. Kent, P. Manebach,
"Representing Workspace and Model
Ynowledge for a Robot with Mobile
Sensors," Proc. 7th Int. Conf. Pattern
Recognition, 1984, p. 199.

[22] M.O. Shneier, R. Lumia, E.W. Kent,
"Model Based Strategies for High-Level
Robot Virior," CVGIP, Vol. 33, 1986, p.
293

'231 A. Barr, E. Feigenbaum, The Handbook
of Artificial Intelligence, (Los Altom,
WTlliam Kaufan, 1981).



OPERATOR INTERFACE]

z
0

U) - -w

0 a

z -

L 0
I- 0

(A 0 .4c0

o 0 4c 4

LU xus
0

14

UJU
aV

~0 20

0

z 0 0 luj

0 of- 46

z U)

fn tj L

(A U.

ui aw cc



cx c

C

-4 0

Lt

00

0.1

C) t0x

0*

0CC U



3 TRANSPORT

2RDE S POTR I AM I IPITN
5 MSERNAICES C PACS OL

TRAJECTORIESNTOR

1 [ STRS TLR TBRHN

POW R ANPROIINE

TRAACTUATORS
FI-UE :A ixlve RearhilCOorolSat PAMe fO

MHUl t Eipl AutoORM VeiMe



-4

0I

0

do

L)

0

v

-\ -
.4

700

taii



AIAA-87-1688
Integrated Army Robotics Thrust
C. M. Shoemaker, U. S. Army Human
Engineering Laboratory,
Aberdeen Proving Ground, MD

Second AIAA/NASA/USAF Symposium on
Automation, Robotics and Advanced Computing

for the National Space Program
March 9-11, 1987/Arlington, VA

For permission to copy or republish, contact the American Institute of Aeronautics and A5tronautics
1633 Broadway. New York. NY 10019



'23 ~ ~ ~ ~ 4-,~ rte 7 ,er o -r

2u orvnL ant orooco

no- ; -30 -2 to - a n e tnree apoo atocn areas I V 13 _ l
te 3..'ve:e on :213s oa~er w tn an emorasos -n "no0

ozr 47. ero.ed 4oth ronot 2.o~atos yo"s -, 3: 1."

",4*- s years,4" '... Ar .. -a a''720 r,

a.ne orogram. to Jeve- It: _n ne ',m -."",

- -PM Wn Cn for asfllr 'a "" - le oH a-"-
..ioel or.-e tr fil entori" n

noto.'ated 0; oppcrltonttoies to._1~O -?'r" a-C sro_'_g

"e-redoi: tl~l oo n erat 'or 7!7t

i1z2 3e ,rte Am' Materiel Cormar!t . -ir " '.e W!de rarg'e iPf a Il a-"r-3
'sedte A. C r Ay Hur -,n ,- ' 'e""""loeZy. 'fa-t-ta

:270
4 0  

'""'oratorv HIEL , AYC's lead agnt " "" i'a sce of tore aool ator
t-r-ed roototios, to develop a torust .o

t

ore5's in " ootoca. . Next, teac~ao-
.'.005- 4n100n w4ou" aooleve rO'tOS n1ave n7een -,osed! o.0 telecerator andnon.

C~~~o y f c ce o;?, ams The r-sltoon ore osers. 4ltooughw9n rte oeno
r for, 400 toe Amy',,,s Arroyo Center RPand to strictlefotoro roos tdue to r-o

tntoederal Contract Researon Center of autonomous t:apatolities, they play ar o'nzortaot
inl.-al so;PPcrt, is a oro)ad, nased tatin tne program as near-tern, : nmrz-ofo....

frt' 00>0 a diverse array of researth and !'or t.ruly robotit systems. Next, 're weytln.
.zi toes from toe Army' -,'ateroel areas assotlate wit h s fntooso o

"7 r .C ant Training and Doctrine :Cmmand field environment are listed. Th7e 12.""" -a'"
efense Advanced Research Pro'eoos components of toe orteram are listed under toe

:A PF >RA, National Bureau of Standards, toljmn headed thrusts . .Aolref deso:rootoor 7f -:
*"a nos srn -as C.ak Ridge and Sandia, and a program follows:

enof riiersities. The pace and scope of tne
Tonstorstrequires utilization of suoport
t~esonsoidentofied ab~ove and the contractor
.ot; lrrent industry participation on th~e
ra- 0ue s some of the Largest tor 'porationa

e 7' untO -as well as small innovative

yi. Sihoemaker.
r Polcoed v '"I Smr-a nstitute

,fAeronautina ind Asar) onr-, ?nr



7 -j

rk I, Lk, i Ili ')k Al RIMOM lo

TFLE 1-1 ARTILF7C .VITLL
OP RTFD

T %is F BF R !p7(-s
A-Nn ARMOR

I a i U- D F-%i SER!E
MA(:141NF ",,QPERAT-ED-:

:N !'ERF -,cE I i kX,110K
W EAPON

HI ENERGY P-ELD M A TF R B]lt L- N 'A A-, N F. D V; tF
A L T ON 0 N1 0 U S DE.NSrrY RUBOTIC HKIDLLG RU

RFCO S STF%1S POWER MA7FRlAL I,( CK REIRM k

HANDLING 
ii , E.-I EL

I I'M E NT

MA ERIALS I ADVALCED
MkNIKI.AMRS NEW H-,DF1!1I)%s

MkSTUAMR DAR PA 'A(L

DYNAMICS 

RO1,11r

LE 
LN"A.NNED 

7 R('
CONTROLLER I-C)MBAT EH

cl- 

11

DECON HAR.DW ARE 71PI Rs -

SOFTWARE A-N R E W' I F ki ,', S
R"U RLC IN

P,,T-ER-14 A.SSAULTFH 5 E-N---Z'Y t
G RECO(.NFrON DEU %
1, 1 G

SFNSOR
F ,SION

US ON LSER NEEDS PSTEGRATE TECH BASE --- LEVERAGE R&DI ASAP * tt



s',- r a S I 1I ''ifance of th 7,

" ,'' tem ts- o- e --erittr' - fo an advar-,

- i an ex.ona 7,' -, 3n.1rs, g'-' n l res -

- " ]'" -. r--. r''-
0  

ad t-e .Qe7'-'r ."-a "nd arost- and 7r ,'
S-at-' - le omm' "- '1 Y- n ne end effector '- r .,'a .

-. i5 -n ." -'callenes associated w:" , .

-e . toe print'Dai -r'OR 7d -3nro1 Df a roflot manioulator with .nrr '.:-n"
--t2", 7-7-301 oro~cnert. ..- s -t" Dower, reracn d 'Ar oed "o -n

#'A

Fig. 2 Teleoperated Mobile Anti-Armor Project (NMAP)

Material Handling Robotics environment, and packaging of the system within
C-141 aircraft weight and volume transportability

This orogram is focussed on robotic oonstraints. Following two years of preparatory

-,qrslrjoatcr systems. One of the two program sub- work by the Human Engineering Laboratory, the
oements, Ire Field Material Handling Robot (FMR), National Bureau of Standards and Belvoir Research
wll operate in a logistics workcell autonomously and Development Center, a contract was awarded to
.ncv:ng a wide variety of palletized loads weighing Martin Marietta Aerospace Corporation in May nf
i to 2 tons, with a reach of 27 feet and a load 1986 for development of a full-scale FMR demon-

'andlng cyce time of 20 seconds. strator system. Although not elements of the

-- ' I I ' I I II I I I " I !
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An alternative Field Material Handllr., Pohr than had previously been the case. S.,I is an

,se :3 in -cn3,nction with a highly automated example or" direct synerry tW- Z t ,clear
immunit )n resuoply vehicle ror the upload, trans- community and Army interesti in field applic-t3tnrs

-ort and offload of ammunition for the artillery for robotics. The Army selected Cak Rilge ';atra,

,5,r. The .ust~ation captioned artillery ammu- Laboratory a3 the system integrator for the 3?73?

:t:n f:-w jezcits a conceptual application '4f prolect in recopjnition of tner vast teLeoera'"

ro'Ot:os to tne ammunition supply system. experience base in the nuclear community. C"e Ar-y
Laboratory Command is the developer for noth cf

A second element of the material handling material handling robot systems.
r'obotlcs program is the Soldier Robot Interface
Proect R!P}. See Figure 7. The Army will significantly benefit from the

DARPA Advanced Manipulator Systems (AMS) program
.nTi crogram is developing a 7-foot reach, which will lead to improvements in the design 4f

c0,.l_'b runot manipulator mounted on a vehicle manipulators for field applications. Specific

-onnected to a remote .operator via fiber optics. :mrovements are expected in force control, more
The ?RIP empnasizes the other end of the maniu- dxtrous multi-functional grippers and ovet alL

"ator capabiLty spectrum from the Field Mater:al i.mprovements in system performance, packaging an
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DESI3N AND) CONTROL OF MODULAR.
KiNEMATiCALjr'.REDUNDANT MANIPULATOF"S

Jacs M T%'-csc- Jr
Ja""es D Fa-'c

ROB8OTiCS RESEiARCH CRPCRAT!C
'0 QB F r a C.ce

c S, ,2, c %a- 0uptoQr Ar- Ces,- o" sses

ih r'e?-rarca'(y-recoundant art'culated manipulators fc, ~ cotc r-arpuator s a pov.,eredi -'ec~ar ca g
s - cant advantages ,n tool-handing dexterity Lind ccefatinc under nleractive cc:-ru~er !m cg'a-

_ fY. Tnis pace,, discusses a 7 DCF manipulatc, ~seo *o Doston onent, and aioiy fo'ces ar-o zqust
ssem, ,7 orcouction ficr lerrestrial factory automation a *too; mrounted to the oistai ~ er 1 lceao

ac catcs 3nd the cesign changes proposed to rumoer of different clesignis 'cr sucn srme'a s-s
-"u e tn~e systemn apprccriate for Space Statior uise. -ave heen developed, princ~oaily 'o, t-e a,!c,-a: rt c

sr-a,7rp,,'ator systerm features mcdu ar construction. idustrial processes reated :o auo'coo. e
sef-cntained cint-mounted electiic drives, high manufacturing, but also 'or remotte ma:,i%:a: a
'epeatc buity, and th,; pr'cntial for extraordi iav undersea and in h zarcl--s raciat or e'- . __
Cead-reckcning accuracy. M.anipulators of varying Tin NASA,Spar Aerospace a-. or Re- -,e
socz. caoaor;y and redundlancy mray be built ffcm a M1anioLuator Systcrn (RMS). is tire or y sp)ace c-a 'eu

'aiyof ncdules riaving out-, jt torques 'rpm 40 in-lbs -anipu~ator extant. RMS has oieary eosatce
a410,.CC in-.'bs. The cunIrol has a he;rarchic,1l .t of sucn muchines in the new en. oner

aic'r;tecllure designed for teal-tim-e, sensor-driven
-prto and employs an efficient propretary E~cse ehnclamdsqsOle r- ~

av;rith~m -which perfor-ns the transformat-i.n of 6 DOF a-iother in the number and type of ,-,-sco rae
c7artesian space commands into 7- DOF jointspace. and in their linkage geomnetri u, .in :he Dcacen-et a-c
This aigcr.'tnm utilizes one or more criteria to resolve type of joint actuators, and in control am"- :ec*:,;
,I-e redundancy, distributing motion gra-e fulity to deal employed. 1 Industrial robot arms avaiabie tocay -ay
wlth? singularities and controlling the pose of it 9 have as few as three driven joints, or as rar' as
man.'pcuiator in the v srkspace. The control algorithm seven. In prniciple, the more joints in !rhe arm -nKage.

.s effectively on, single board microprocessor the more general purpose ano versoie the
narolware. This manipulator system is seen by the manipulator. An arm must )ncoroorate at east sx
aj;nors to be a close fit to space telerohotics degrees r'f freedom to provide con'olete cont-ol of
zcecbhcatons. with existing models providing ready position and orientation of the too[. It !S worth reviewirvn
-- eans for terrestrial testing and demonstration. te evolution of current mechanical armr oesigns W:.

considering the application of estaoiisheC art to space
lr~lcduQLi~nautomation.

Mechlanical arms will be among the key functional Ar emte.AIo Airarze: a'd VO' o-
-2ements :n a variety of different robotic systems Controllers for Ger eral Pr;cse Mar pu3a!
ermpioyed .n 'u.ture space operations by NASA, the
USAF and .dustry. In the I 30s, robotic devices with SIX or more degrees of freedom Lan be C szposed n an
arms WIJ assist in the assembly, inspection, and arm In several ways. Essentially :he ol;f'erences -e ae
-airlenance of the Space Station, and in the servicing to the geometry of the mechanism .seoi !o tai's ate a
.fsate!tes *n geosynchronous orbit. £ arly in the next three degree of freedom wrist, or tool orienter. and tte

certury, mrore sophisticated, elaborate and capable type of motion control system thereby reoured to
versions of these devices will play important roles in produce straight linq moves and other Contro led paths

tCexploration and commercial development of the at the toolpoint.
Movion and solar system. Robots will serve as new tools
'or !he Astronauts, augmenting their capabilities and One basic form of manipulator employs a set of tniree
m-aking their jobs easier and safer. The next phases of slides connected at prismatic or slid~ng joirits disposed
space exploration and development wilt introduce in a nominally orthogonal arrangement to position the
numan beings in large numbers to the space wrist. Such a device is typified by the IBM RS 1T",'
environment, leading to the establishment of industrial robot. This "cartesian" geometry 'ias a
Prrranent space communities. It is the authors' number of distinct advantages over other types, mnot

convictioni that the appropriate application of robotics
,ecnnology will accelerate that process. BM is a registered trademark~ of tnternatonat Business ,Aaci' ies usro,

Cooyriq)lt 1987 Robotics Research corporalior, 1 Spar Aeros;pace is a registered trademark ot soar Aeroscace L niled



CO~'CtZ~nC a~ ~e~u "c!.c' s at tIe '0 O' -ed arm -r "a-!c.ateo" ma-%2 a.o -v 3,

-ear a'-c o C...r erociator a-e Su,"c ;~ o Ccasonaly efc-ed 'o as " -'- _-'-::-'

4 i r "C'- e C-c", (ocs I oa' -2s CS ct. at -o'--as 'e- aY

e - .. ~ Y a.e§- -2 s -Por a,"-c)t .vocs:irc, a,-"'~ t s
a- g en tool ocat on a-(d ;it -;ce 7 -e

aC'3-!aqes to De ceF)i1ed "Crm "corc,)a!atig eii'2
2-3-C'et. tnsA' S: S OCGS o3-'C "S '-. an ar7!cu ated a'mr ", rera!Ic 'eCUrcarcy-

.'.--3000.3a CC', "oe a: a3 S- e De. C0 oossed in si osequeri Qaracraons

.sC o* C-: -,S - s a-a-e-ert v~as estao .s'-ed a'-c 7eoretiCaily, a jc-tedJ arm design of six or -,~e

Stoec -y -~e U'- mraton Urinate 1 NO~ ncuslr a egesof freedom orodu.ces a 'ou ghly slprer cal

"otT'-eore:jcO'y, sucn a "ol~ar' coortorate ~vcrklqg envelope. The -vnicoa advar-tages o' a

eo'-Et*,Y ,rocuces a sonertcal workspace in pract ce. 0. rn rr~ anipuiato' o f ca r, c -, a r -,3e'

-'cCar ca olesign constraints aererai. y restr C: te ge'-eral<ur.Pose arms 'or scace ze'a, c - .

w'cerveioce to a rather *-:n sorer~Cat sre -e' lact :'-at v'er .e -e a-" 17 ace v,- "c- 11

C4- - s g,,cart Ccn C sect or's 'e wr,,st s 'etracted. i'o fcos o[ or 13e fcc'- te
arm !o oe ou.ite ciomoaCt 'or a giver,' -'g e'-.e 0cc

%1ceszc" s, o;atec '-ot on cor:'oi systems are 'e?'e rc g"t in weignt for a giyen pay cacj
ar -s w t_ ov *"d'.cai or poiar geometries t,-an 'or

-. r.es an geome!'.es, iarce cooro rate TLe c; stinct mrechanical e, oodlrme~ts -f the o'-c
-,at0s -,st oe oero""mec to grerate s'a 9-t a"" geometry nave gained acceptarce .n ind~sri

-e -ov s a, - O 0i In aco t on. r-an'O, ato's -- e, -re actuators wrt Cr drve tie arm arc wr:st Ot
c-, -2 coy onre or mroc sides wiln prsnmatic ocnto are mounted near *ne case of the macrc.l at som~e

':-eir -Kage. as a c ass, exnli certain signifit ostarce from the joints which they operate. Ins-c
oe-o7rance inmtations of particular importance in cesigrs, motors gear reducers and post on feecncac
o'oo-pect ye soace appiications. The relatively !arge cev ces ocated at t."e 'srnouicer" 'ansm- :cowe, to -r=
s ze arc '-en of th1e sl ces result r relatnvely hgn -0is t-rogr !-e effects of a 'our-oar '-~aQo or

,e ow er 'eQurements 'or a manpulator of giver -o-gn oeil-crar ks and pusnrods, or tly cra:ns. t--
cay oao a.70 worksoace. Fu rthermore, the positoning Deits or some other -tendon' arrargemen': O'-e
_7 des oner, -!erfere with Objects in the working area. exce: ent emooedment of tris aoproachn to a ointed a-n
.ynrer extenced, ar-C withi ojects behind ther macnin~e, is Ine ASEA lRb 6- industrial robot. I 'te

en'etacted. remote-mounted drive approach nas certa n
advantages, particularly in terrestrial robot applications

-, . t-e ',/;es of manpculators which incoroorate vrere the requirements of the gravity fied can be a
3ces t.,e ca-esian systems tend to be tne Ieast predominant design factor. These advantages rele to

soaa y e*1 cent. Snrce tre workspace is often the disposition of the mass of the join! drives off of .the
oom -pietely sirrourced by the framework of slides and arm itself, and the consequent reduction of power
s_:coortirg structure. To minimize spatial inefficiency requirements. Nevertneless. the drive train wr'cn is
ard interlerence problems, a few polar type arms have employed to transmit power to a remote joint itself
cePen designed in wnich the slide collapses on itself as imposes a number of significant performance penaities.

ts 'et-acted. In :he U.S Robot Maker', for example, It often restricts the range of motion of the joints,
"-C s iCe s comoosed or a set of shorter slides which) resulting in relatively limited working envelopes,

e scoPe. In le NASAIMartin MariettaT"' Viking torroidal in shape. A long drivetrain also adds
I-arder arm, a t" n-wall steel tube that forms the slide considerable inertia. compliartce and mechanical
.v-en eat!erded s m ade to collapse flat in cross-secton inaccuracy between the servo actuator and the joint,
:0y ocjers as t s 'elractpd, where it can be coiled Droducing less than optimal dynamic response and
o"-cact y o- a crim. Mechanical implementations of stability.

"'ese ces g-s tend to have comparatively poor static
a-(! cl"'am C cerformance ct-aracteristics, however. In a second embodiment of the iointed arm geometry,
o e e t ,er to "eP number of additional prismatic joints substantially all of the joint drive actuators are mounted
"corporated or t-n the very thin-wall cross-section in or directly adjacent to the joints which they operate.

:,.zed A well-known example of a design in which actuators
are mounted in the link adjecent to the driven joint is

To rrcrove dy-am ~c cer4ormnancE and solve workspace tre Unimation PUMAT4. This drive arrangement
n'erfere"C :robems, a linkage geometry winicin overcomes linkage travel problems, increasing the
cermi considerably more efficient mechanical useful working envelope of the arm - the extent that, in

dtesigns has Deen tevised and widely adopted. In this somre models, envelopes approach the theoretical
geomretr-y a series of relatively rigid link segments sphere. Additionally, true ;oint-mounted direct-drive
connected at revolute joints is used to position the djesgns completely eliminate the drivetrain otherwise

2 Irab is a registered trademark~ of P'ab Robots. Inc
iS Robot and maker are registered trademarks of Unilte States SO'

Mar in Marietta is a registered trademarK of Manln Marietta Corp
ASr_ I is a registered trademark of Asea Robotics. Inc



?e2...ea to trarsmit Ocwer :o 'e oirts from rer'o.e
actuators, signifcatly reducirg criveie compkance
a' o-'d nerta prolems In terrestral rooot aopi.cations,
:'-e signficant penaity assoc ated with mounting te
crves in tme ,carts relates to tne additional vegnt
carred in the arm ,,seif. W .! e :re overall we-grt of
most ont-mourtea drive arms S,. n fact. 'ower tan rat
of most remote-crve systems of comoaraDe dCmens;cn
a'7d capacity, :-e oca!on of *,at -ass is of great
co'cern n a gravity fied Terrestr;a ont-mounted . "
0' e arms wn.cn are ,-ot somehow counterbaianced
-ay -, ize as -- c, as 80% of -e actuator contr:uous
t:'aue ratrgs s' . s-c.cc, 1-e arm in its wcst-case
posture. The remainder s a'aiable to support and
acceierate the payload. For space appiicators, mre
overali weight of tne device is a critical issue, out the
way in which the mass is aisposed is of less concern.

From the viewpoints of spatial efficiency, tool-handling
dexterity, size, weight and dynamic performance, an
articulated arm geometry which utilizes loint-mounted
actuators provides superior performance as compared
to alternate configurations. The authors believe that
such designs should be the leading candidates 'or
space operations.

Jointed arm manipulators require relatively
sophisticated motion control systems, capable of
performing elaborate and time-consuming coordinate
transformations to generate joint positions to locate and
orient the tool. The complexity and cost of computer
control systems required for accurate and, increasingly,
adaptive control of the toolpath in jointed arm
manipulators have had a significant influence on the
particular linkage geometries utilized in most
commercial versions of ,ointed arms. Kinematic
geometries have generally been adopted which
simplify the process of transformation from joint
coordinates to cartesian space, and back, in an effort to
-educe the number of and rate at which computations
must be performed. For example, common jointed arm

.Knage geometries avoid rotated "off-set" pitch joints, a
'eature which has distinct advantages in increasing the
useful workspace of the arm, but which greatly
complicates coordinate transformation (Figure 1). By
mposing specific constraints on linkage geometry,
exolicit mathematical expressions (i.e., closed form,
analytic expressions) can be obtained for the
coordinate transformations In most commercial 6 DOF |.--- I- .
arms, the control system is simplified at the expense of
""anipulator dexterity and mechanism efficiency.

K 'e m atc Redurdancy

At.fculated manipuiators which incorporate six joint-
"ounted drives, whrie more spatially and mechanically
ef'icient than other general purpose arm designs, are
considerably less maneuverable and dexterous than
Oiological analogs they would ideally emulate, notably,
the human arm or an octopus tentacle. As previously Figure 1 Off-set pitch joint kinematics.
stated, six degree o' freedom articulated arms function
ke backhoes from a kinematic viewpoint, in that the

arm linkage extends and retracts in a fixed plane which

3



s rotated about a vertca axs Dy the base revoiure Many space serwcng tasks ,vi 'eql ,e ' e 3e te' :'
ont. With most such dev:ces, a given location and a numan arm. The authors ceieve t"at sever oeg'ees
inentation of the tool corresponds to a single discrete of freedlom Should be considered tr'e
set at ;oint angles and an associated unique arm incorporated in the tool-handling arms of a ge-era,
configuration- In a few such devices, a given tool O..rpose manpulation system. such as the NASA F g.
ocation and attitude can be achieved by two discrete Telerobotc Servicer FTS) The aut'ors "
3rm configurations. An example of a device with two .',cuiated mecnancal arms -avirg seven C'
3css,bie arm configurations 'or a given tool position Cegrees of freeoom in series 'dexterous ma o, ator.
rld orentat;on s tre Urimaton PUMA TM  In --at
CevIce, wniie the 'evoiute .,rits -epresentrng the Aoda:tcnai Cegrees of freedom may prove extre-ey
'scujder" and "e!bow" picn axes remain fixed in a -sefu_, as wel. The addition of a three aegree ot
Cane with respect, to -e another, the elbow :Oint can freedom "torso", upon wnich is mounted two seven
ce disposed either "*o" or "own" Nevertheless, if 'or degree of freedom arms, may be an deaj generai
a prescribed pcs;tion of the tool, an obstacle in the purpose manipuiator system for prospecive FTS
workspace or the workoiece itself inteferes with the assembly and servicing tasks.
arm Jink segments, the arm is not capable of reaching
:he goalpoint without collision Figure 2). Unlike the Some tasks to be executed may require more than
luman arm, a six axis ajinted arm manipulator does not seven degrees of freedom in senes in one articulated
-ave sufficient degrees of freedom to reconfigure itself arm. The internal inspection of complex soacecraf
to reach around an arbitrarily placed object in the assembles with a hand-mounted camera, 'or examc'e
Ycrkspace. The human arm is cons;dered by the could equire the maneuverability of a snake W 'i.e
authors to have seven degrees of 'reedom from s uch a task may seem unlikely at this point. and :s
snouider to wrist, providing a range of possible elbow certainly an unreasonable requirement for a oase -e
attitudes and resulting arm configurations 'or a given design for space manipulators, reconfigurac e
tool position and orientation manipulator system designs which permit th-e -eacy

add:t:on of one or more jOints iedundant onts or te
6 We ArtlC An" subtraction of unnecessary joints where te

-_ manipulator is dedicated to a single, constrained tasK)
__t are seen by the authors to offer significant advantages

. "over the long run.
S, naccessible area

The addition of one or more "redundant" joints n a
manipulator has a number of si nificant benefits

- - beyond flexibility or maneuverability.2 In the same way
that an extra degree of freedom provides means to
reconfigure the arm to reach around an obstacle, tne
arm can be automatically reconfigured to dispose joints

, in a way which distributes torque or velocity
requirements among the axes in an equitable manner.

-DA---Am A human reconfigures his arm (and torso and legs) in
the process of lifting a heavy object to keep the forces
and moments applied at each and every joint

, . appropriately distributed and minimized. A human
'-, uses the redundancy in his armttorso/legs to shift his

center of gravity and to maximize his "leverage". In a
six degree of freedom jointed arm manipulator, no such

n ~ reconfiguration of joints and redistnibution of forces is
possible. Thus, the mechanism's capacity to apply a
particular force and torque vector at the tool may often
be unreasonably limited because only a few joints are
contributing to the exercise 3 Conolis forces, which

/ . could be employed to advantage, go entirely
uncontrolled.
Equally important, intrinsic to all jointed arm

manipulators is a condition known as a "singularity". 4

Singularities are regions within the working envelope
-<-N Nof the linkage in which, either 1) no individual joint in

-': ' the linkage lies in a position and an orientation in
/which it can contribute significantly to the commanded

toolpoint direction within its physical limits of travel and
Fgure 2 Maneuverabifty of a 6 DOF vs. 7 DOF acceleration; or 2) more than one joint in the linkage,

articulated arr- 'Robotics Research Corp independently, can execute the commanded motion
K-2107 Dexterouzi Manipulator illustrated).

4



T-e effect s :.e same T-e arm rage has lost ore or hoer -e-s Sc'-e cz't-actcr s'-c es ;g;est -3."e
-n'e cegrees of 'reedom Arm oenavor s;gnifcan!Iy orocess of rep.ac'g QRijs or- te ous c. a *:ae 'e
aegraces w-en the tooo."rt S -, !he vc rity of a geosyrcrroros crot car -eac.y Dot dCo'O S"eC --
S 'gu:aty. since the .,Pkage S .. '-ao e at tat ;rstart to ', e ax s ma, ouator Ca -e d , y "-e -o '3
-a:,ta. -'e c.m,-arcea too o rt Cos o 3r C. or Mare,.ver rg Vei-c'e ,CMIV

7" T'e equa::o-s .c :, y _ssed 'o cc'o-C
on,. at tle 1--cDoC -' C4 -I "3 ar-' "3e -0 7-e a-. -os oe e,e a a %,Ce a-c' C a

3119e-31 S-a, $3;* Z_ it 3 ; "' . ""/sZes ard ,33" 'a* CsS 3, ""ae.y oe Celel- I eC
ot ',ay ee -,e" r,g _a ta be aoproor ate 'or the var cus rooot~c arc teerooct c

aeo"o ,eclectic, - es rears to "__-Dace serv:c: g ooe'atcns These "ay rarcge r erg-'
"-ce "e o-oe~:" . 'es a' 33reat ca v "on arms witn t"t sze ard oay oae of -?'e Re'-cre

-ca_. . :' " -' " e set of o-,t Mar o.ator System, cown to ar-s of ess :"ar --- an
a7 es ca2 "oe e--: _,,- c a ,:o--aced too, sca. They m grt cea y "co'orate as 'e~v as ''ee

:csOor The at'c's c a y Farel ) arcl Hfvard I. axes 'or cer'ta n apo:cat ors. ad as -ra-y as ' ve"t! 'or
c ave cevised Comc,,tat oa !y efficent a'gor:thms ot"ers. Each of these -a- c,.alos co,- a re

Dy ,N-cn tre axes n a :nematicaly redundant cis*om-desigreo for !tS task "e a 's e e, -at
-ar Du ator can oe co,"'gurea to controute to any a standard nc-d.'ar "-arp. ator s~stem "4 1
arc trary coma'cea tco .'ec .o.a and otational 'ac. tates the assem o y of a ,nroaa 'am: y of ar"s *am a
,ector. eac,[rg tse arm to ext a singularity n a set of common ;ont-cr;ve 77oC:es coiud rc-, ce a 3'
contr ed fas',ion -1- s a gcrthm may have term so!LUton to ths proeiem of sce,-qh'aton
aoe cat:on cerleral orcse k-r !cal)y
'edindant mc" npulator systems 'or space operations

M1,oon Cortrol Architecture

Scec al Puoose Mar-ou atos It .s worth noting that the type of arm motor, cotrc
computer system that is used to perform too point

.addton to the four basic types of general ourpose trajectory control. coordinate transformatron and
maniopulator geometry reviewed above, each of whica servo-control, regardless of arm configuration. can oe a
provdes six degrees of freedom at the tool, many other relatively independent issue from wnat higher .eve)
:rkage arrangements crovidtng fewer controiled axes control system is employed to generate arm
"ave been devised 'or special applications. In the commands. A properly segmented he:rarchical control
cesgn of most sucn special purpose arms. an effort is system, as suggested by James S. Albus, Anthony J
made to empioy a :r'kage witn the minimum number of Barbera and Mary Lou Fitzgerald, decouples the arm
drven joits to oe' 4orm a unique tool trajectory or c!ass motion control from higher level functions 5. 6 In an
of trajectories Significant cost savings result from such autonomous, sensory-interactive robot control system,
an effort through the reduction in the number and often higher levels provide the user programming interface,
the size of structural components, joint actuators. power accomplish task decomposition, break move
supphes and servo-control hardware. statements into primitives and process information from

global sensor systems, such as cameras. The arm
Soecial purpose, imited degree of freedom motion controller accepts goalpoints in any arbitrary
manipulators have found wide use in industrial coordinate frame of reference and proceeds to execute
applications where a device is dedicated to one the commands and report status. The motion controller
*nstailation and task for its useful life. The application concentrates on its local sensors, measuring joint
must be well defined and the associated trajectories position, velocity, forces and torques, internal
-ust be fully constrained for these devices to perform temperature, and perhaps utilizes arm-mounted
the functon. Nevertheless, the majority of factory proximity sensors for local obstacle avoidance.7 The
automation appications are today being accomplished higher level controller thus directs the arm as a
wim manipulators which incorporate fewer than six peripheral. The 'host" controller does not necessarily
degrees of freedom (five axes is the most prevalent have to know what arm it is directing, or its unique
geometry). Special purpose geometries are developed geometry. This architecture is of particular significance
cy careful selection of appropriate joint axes, link in the design of robotic systems for prospective space
engths and base location with respect to the operations for at least two reasons. First, with a
workspace. Common examples of this specialization in heirarchical structure, any particular arm can be driven
industry inc!ude four axis lathe loading devices, and as a peripheral either by an autonomous robotic control
five axis arc welding robots, system, or by some man-in-loop, teleoperated master

controller. The arm does not recognize the difference.
Such specialization is natural, of course, and a similar This has important implications for the feasibility of a
trend can be anticipated in space robotics applications standardized manipulator system for space operations.
as time goes by. It may be determined, for example, Secondly, the heirarchical control system might be
That four degrees of freedom are fully sufficient to viewed as a structured, "from the ground up" approach
perform silicon furnace servicing operations in one bay to implementing artificial intelligence. Each
of the Space Station, Possibly the correct three axis heirarchical level operates relatively independently as
arm could perform many repetitive laboratory a closed-loop controller. In this context, a heirarchical

I I I I I I I I 5



" vr c ,ntrci arcnitect-re orcvCes e cy -3's rerface. 'ac :!tatg .s 2' -3 f '-i-c3', ?system exans;on aca errancer-ent as zOfoved manpuajon naroware n a N ce P ar e.! /'

sensors and algorithms are devised 'or any given evel autonomous and teleoperated systerms

Concus~cn- Opoortunt;es 'or a Sandard Moduar
Ma" nu ator Sy$sem 'r Soace Zoert o's.
SM S STANDARD LINE Of DRIVE MODULES

-- c s cn. :e authors ce eve tat a consderanie
c-Cv :f evcence ric cates i at tne appropriate

.rc .cc' ga, on 'cr -e dex:erous mecnanical
a- systems :o ce used 'o tcl-.nardng in soace
servc.ng tasks, whlethrer coeratcg under "autonomous"

articuLated, seven degree of freedom device having
-odular, jont-mounted anves and a standardized,
local motion controller.

Furthermore, the authors propose that NASA and the
USAF, in concert, consider developing and adopting a
Standard Modular Manipulator System (SMMS) for all
rcootfc and telerobotic assembly, retr:eval, experiment
sDoori and servicing applications on the Space TYPIC.ALRL AXIS DRIVEPACXA6E
Station and for on-oroit remote satellite seN,,cing.

POTENTIAL REDUNDANT DRIVE
SMMS is envisioned by the authors as a family of " ETEWINEDBY APICATION
articulated manipulators ranging in sze from less than
:nree feet to over fifty feet in length, incorporating as
many joints as necessary for a given application, each -

manipuiator being an assembly of unitized joint drive
modules of common design (Figure 3).

THIN WALL EXOSKELETAL STIRJCTI

Lghtweight, interchangeable joint drive modules, each H011S PROC.SSIN6 ELECTPCINICS
having as few as two moving parts, could be designed
to provide a set of standard revolute "roll* and "pitch'
joints with output torque capacities ranging from 40 to LARE PAVLOAD
40,000 in.-Ibs., in appropriate steps. Individual joint 7-AXIS cO0IQURATI4N
drive modules would carry across the family of arms. --

For example, a 2,500 in.-lb. pitch module which serves
as the elbow in a 20 foot long manipulator would also
oe used as the wrist pitch module in a fifty foot arm and
,he shoulder pitch module in a five foot arm. In addition
to their use as arms, these same modules could be
assembled into configurations which serve as torsos for
muitiarm devices and, indeed, "legs" for certain
vehicles operating on the Space Station truss (Figures MWDIUf PAYLOAD
4 and 5). 7-AXIS COISI6URAn I -i

The authors propose that an advanced motion
controller conforming to a standard heirarchical
architecture be utilized for each manipulator assembly.
Each motion controller would have the capability to use
an array of local kinesthetic sensors to perform the
"brainstem" functions associated with the arm. In
general purpose assemblies, incorporating seven or SUM41.L PAYLOAD
more degrees of freedom, the motion control functions 7-AXIS COEIt RATION
would include coordinated joint control, real time,
sensor-based arm obstacle avoidance, and
optimization of arm posture for leverage. Figure 3. Robotics Research Corp. concept for a
With this architecture, SMMS arms could operate as Standard Modular Manipulator System
intelligent peripherals to any task-appropriate host (SMMS) for space operations.

computer through a common hardware/software

6
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A P1rototvo for SMMS

At Robotics Research Corporation, in Milford, Oh;o. 're
authors dnd their colleagues have developed and
demonstrated a modular, articulated manipu!ltor
system which embodies many of the characteristics

required for SMMS. The "K-Series" Dexterous
Manipulator system, while designed ir. scale and
details for terrestnal factory automation ant laboratory
use. may serve as a reasonable prototype for future
space manipulators. Current production models may

provide ready means for terrestrial demonstration and

experimentation with kinematically-redundant
manipulators.

The K-Series Dexterous Manipulators are buift up from
a family of unitized joint drive modules. Each module
includes a complete joint dnve mechanism, feedback
transducers, bearings and structure for a degree of
freedom. In existing units, individual joint drive
modules do not contain the signal conditioning, control
and servo power electronics. These components are

Fgure 4. RAMIVATS concept for a legged vehicle for housed in a control cabinet and connected to the
Space Station servicing employing SMMS modules with a highly flexible internal wiring harness.
modular manipulators. Each module is designed around a particular size (and

thereby torque capacity) harmonic drive reducer ana
incorporates a DC servomotor of appropriate power
output. This drive system can be tailored to meet a
wide range of application requirements by selecting an
appropriate harmonic drive ratio between 60:1 and

320:1. The modules are of two types, configured as
roll' and "pitch*-type joints. Roll modules effect rotary

motions about the axis of the module interface flanges,
wl-ie pitch modules effect rotary motions about an axis
perpendicular to the normal vector of the attachment
flanges. Modules are joined to each other by V-Band

clamps, secured by a single tangent bolit.

These roll and pitch-type modules are designed to be
assembled, in series, into a variety of different arm
sizes, payloads and kinematic configurations.
Individual joint modules can be utilized across a family

of arms (Figure 6). Two models in the line are shown in
accompanying photographs. The K-2107HR is a seven
foot long, seven axis manipulator configured

specifically for applications which require a light-weight

Figure 5. Robotics Research Corp. concept for a 17 tool or sensor to be conveyed about a large working

DOF anthropomorphic manipulator for envelope with exceptional dexterity and speed, and

Space Station assembly and servicing (built with the greatest possible positioninq repeatability

from SMMS unitized joint drive modules). (Figure 7). Operating in a stable temperature state, the
K-2107HR will repeatedly position a tool to within
4/10,000ths of an inch. The K-1607 is a five foot long,
seven axis unit configured for general-purpose factory

The authors anticipate that the standardization of and laboratory use (Figure 8).

mechanical designs and control interfaces proposed in Kinematically-redundant versions of K-Series
SMMS would substantially enhance manipulator manipulators (incorporating seven or more degrees of
Fystem reliability, would minimize development and freedom) offer tool-handling dexterity which

production costs, and would readily accommodate approaches that of a human arm. The seven degree of
future growth in space operations and changes in freedom arm configuration has, in fact, the same
mission, number and a similar disposition of joints as a human

arm The K-Series manipulator actually eclipses
anthropomorphic capabilities in range of motion for arm
roll joints, producing +/-180 or +1-360 degrees, where

7
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the human arm ,cints are yocaly ',iea 'o -45 _c A c 2--..-

degrees or less The motion range avaiable in '-e Th e re-cst ico s i!-us a . *- -

K-Series pitch modu:es s .ghtly exceeds oan2w,th which encompasses I'e ',' -

anthropomorphic, with a full 180 degree range. T-is lreqzerncy range of the actuator pacare T- c-c c
range of travel ,n bitch Joints is possble through tne ,oop can be visualized in several ways 0 e w
use of an offset geometry, where ,he pitch ;oint axts .s !rat it operates as an active damoer 'or 1 e - .
dlispiaced from the attacned roil axes ,reter to F gure 1 resonance Anotner view is -'at I -cr ::s

cesgner an opportunity, within :he ac" ;"vae ...
The ds DOcst on of modules wthin a K-Seres oanvidth, to urdamentally re-wrte t'e cons

nmaniD. alor Io rws the pattern of roil-pitch-rOli- equ tion governing the behavior of Ine or. e as a
ptcn-etc. If a manipulator of reduced degree of 'orsional spring between two inertias. Th, CC 1rC co
'reedom *s desred, the most reasonable degeneration actually functions to position tne motor rer! a. -owcve,
of capability is to reolace a roil moduie position in the ,t m st, Io case the drive to prov c -e ce; rec

.nematc cnain with a static 'inK (ie., a tubular app;.ed ont:oroue

s:ructural element whch nas attachment provisions -n

loth ends 'or p;ch modules). As oreviously mentioned, the torce-coo , .
provides significant advantages beyond e'" -a: r-g:--

The generic actuator design utilized in all K-Series r'armonic drive resonant response 'o prvoce s-c: -

modules cons'sts of a harmonic drive located on [he motion A significant trend in researc- c ma,,. ,o -
ont axis, directly coupled to the proximal and dstaf control s to command axis torques Io cc-. C?
castings of the module A hign performance -gn-Dandwidth tool force control or ' cen-ce
samarium-cobait DC servomotor is directly coupled Ic cc.l',- In K-Seres arms the fastest co a, Ac'

the harmonic ar-ye wave generator. The flexspiine of the servo cotoi .,ste;, s the ',,e 00D

the inarmonic drve couples to the structure through a ;nnermost !oop can remain in operation , e

metal-to-metal slip clutch and torque transducer. The sw tcnng. (Joint torque transducers are -:

s;io clutch is generaly adlustea (o ship at a torque Peements to each cint in the machine, T-e

greater than required for full machine performance, but 'cop a!so encompasses and comoensates c '

ess than would damage the drive or other manipulator motor seal and drive friction. Vewed from 3_-sc -

components An independent, high precision ioop. it imparts to the system most of the a77r e oS
instrument gear system drives a brushless resolver best direct-drive manipulators, wnile avod, g "-e

. . . to provide joint position and relatively poor torque-to-mass ratios of the c ec,-c', e
non-quanitized velocity feedback by means of an motors.
advanced R-to-D chip. By this arrangement, the servo
system has applied actuator torque, joint velocity and The K-Series module system utilizes an exoskee-c
oint position feedback available to provide controlled structural approach. The exoskeleton str-ctJ'e
joint or axis motion. provides favorable structural dynamics of the overai

manipulator, with low overall weight. It also provces a
The utilization of the harmonic drive reducer in this strong, durable and clean exterior, enclosing all w r.rg
fashion is both effective and problematical. The and actuator componentry.
harmonic drive is unrivaled for compact, light,
backlash-free torque multiplication. It also exhibits a A standard "black-box' motion controller "as ceen
two-per-input-revolution transmission error which developed to control any arm configuration that can ze
excites the inevitable resonance resulting from the assembled form K-Series modules. This acceots
inherent reducer compliance. This often-suggested position commands from any host, in gooai
arrangement of actuator system is typically coordinates or some arbitrary frame of reference, and
handicapped by an obvious and objectionable performs the trajectory control and coordinate
resonance in op ,raton. The resonance phenomenon transformations necessary to effect the commanded
intrinsic to direct-drive arrangements of harmonic toolpoint motion. Such global goalpoints can be
drives in robot arms has prevented the widespread up-dated on a 50-100 millisecond basis, providing
application of this otherwise attractive actuator sensory-interactive control capability. The architecture
package. K-Series manipulators utilize a servo-control of this motion control is illustrated in the accompanying
approach which overcomes this problem and provides figure (Figure 9).
important attributes for advanced actuator control and
improved manipulator performance. The conventional The aloorithm devised by the authors and VoId to
approach in robot arms is to control velocity and accomplish coordinate transformations for 7+ degree of
position of the motor shaft, while assuming that the freedom manipulator configurations accomodates
transmission elements are nearly ideal in their singularities in the workspace, provides means to
translation of shaft motion into manipulator motion. The employ the additional degrees of freedom to avoid
approach taken by on of the authors (Thompson) and obstacles, and to distribute in a reasonable manner the
colleague Paul H. Eismann in K-Series servo drives is actuator torque requirements amongst the joints. The
to treat the motor and harmonic drive as a torque algorithm can be configured to operate any number of
producer. The control feedback parameters are all manipulator joints. The more degrees of freedom in the
measured at the interface between proximal and distal manipulator, the more graceful the arm motion
oint elements. The joint position commands joint

.... I I l a liiil9



] sr Adaot ma t.he K-Ser es De,,on to Space App Ca' O 's
uSER ,NTEtRFACE

- }RS232 ot 'lultibus f~l.ornj rop Tne K-Series Manipulator System is seen _y :-e
.W2orl.VD a",,ors to embody the fundamental mechanism a n

v JA rA8ASf control technology required to implement dexterous
" -C' UL tOOl-handling manipulators for space servcing

Rs 232 or futUtil tlOmorV Drop aD ,cations. nCuding the overall SMMS concept 4or a
xq ,v_ .. -1_ Yr ainmmtyc Rvundn cu critria - 'a !y of m odular arm s. The developm ents requ red fora soace version appear relatively few and

PAA s~Q zl'ra ghtfcrward.

T-e nign vacuum environment will necessitate the use
... .~ J " of Orusnless motors. A brusnless system offers
/ luba LoopIrf u Or ue S;gnrficant improvement n arm thermal management
L____-J Loo .... Tr m - ~ fl8~OV~and reduces the electromechanical system to an
-NTRL L R BOADSO ] extremely simple, reliable pacKage. Brushless motors

.',:l improve system reliaoii;ty by providing redundant
AU /A 3 ectronic systems. The~r only disadvantage ;sna

73y require additional interface wirng between motor
Dost on transducers and the power electronics

0 MPEsArIoN ¥Harmoc drive lubncaion needs to be carefuily
BOAD "OIq.V¢db c Considered, wiTh respect to outgassing. vacuum

_____ _ staiity and general longevity. The harmonic onve -as

eso,r Ceen used extensively in the space program, a'd t-ere
F..,,e, u a no shortage of experience with this issue

Thermal management of the manipulator needs to neMaddressed to assure acceptable power consumpton

and operational reliability. Possibiities exist to achieve
t's Research Corp. K-Ser es MJot on thermal control by active configuration of nsulat!ion.

Sistem Arch!tecture reflectivity, and radiation of the manipulator itself. Other
possibilities include utilizing heat pipe technology and

se K-Se-es Dexterous Manipulators should provde insulation to control the thermal state of the manipulator
3'e test-beos for terrestral rasearch programs as an extension of the thermal environment of the

-:. g . 2 u 'e space manipulation systems, e.g., in spacecraft itself. Both of these approaches could be
-e aeas of adaptve lorceyposition control, advanced augmented by phase-change thermal storage sysiems

-e eoce'at on tecnques and multi-arm coordination to extend the thermal time constant of individual
Fgure actuator systems.

Individual joint drive modules need to be designed as
Orbital Replacemert Units (ORUs). In order to repair a
manipulator which has malfunctioned by exchanging
modules (possibly using another manipulator),

everything which makes the module operate must be
contained within the module, or ORU, tseli Taking the
ORU concept and the overall system mass and
reliability goals into consideration, one clear strategy

for design becomes integrating the actuator,
transducers, signal conditioning, analog and digital
control electronics, brushless motor power and
commutation electronics and a command/
communication interface into one ORU. Each ORU
might include one or two axes of motion, depending on
replacement strategy and reliability analysis.
Consolidation of these system elements into a ORU
package will minimize the complexity of the flexible
wiring harness and many of the potential failure modes
associated with the harness Instead, a power bus and
a communication bus would be incorporated, each
trple-redundant. Communications could be through

-'e " Dual-arm arrangement of K-1607 Dexterous optical fiber or utilize powerful bus communication. a aro0uoato's techniques. All that would remain of the off-board
control box is a power bus controller and motion control

10



comroLuer ir-ernm, szoace r-anipulators can certal, yD

constrclecl snon of l:s evel of ntegraliofl. but 'nere

are sgnit . cant re acoiiy advantages to be gained.

Preifmnary cesigns of ORU modular manipulators

currently nucerway at Roootics Research Corporationl

-Cicate ve-y a'. orable characteritics may be acnlevedc

,,f szec- -. 3,--sze mass and relability.
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research and technology development in five required if we are to dLscontinue excessive

core areas: sensing and perception, control remands on ground communications. CSTI d3ta
oxecution, task plAnn~ng and reasoning, research alan includes verification of a

operator interface, and system architecture readwrite high capacity (a trillion bits)

and integration. otical disk recorder. This nit would be

useful for storing images for overlays and

Nlso in earth-orbiting operations is the comparisons.
requir-ment for high capacity power systems.

.ngoing research will continue on the high THE SECOND STEP

power Stirling cycle dynamic
thermal-to-electric power conversion system. If CSTI is characterized as a

Performance capabikties are aimed at a transportatioi., earth orbit, and science

five-fold increase in the amount of electric supporting focus, then the second increment,

power that can be generated from a reactor of which we call Pa,.hfinder, looks beyond Space

the size being developed in the SP-100 Station, beyond LEO, and addresses common

program and are aimed at a doubling of the technologies that support a range of future

power-to-weight ratio. missions including a return to the Moon,
missions to Mars, and expanded exploration )f

Science -he outer planets. Pathfinder includes

technology thrusts to enable long-term
In science supporting technology, emphasis human presence in space, processing of

will be on an augmented large flexible non-terrestrial materials, an autonomous

structures and control program, and on rover, interplanetary transportation,

sensors and data. Future space missions will aerobraking and atmospheric captur! for

require very light, very large, flexible planetary return, precision aero--ecover,

structures for large communications tether applications, and on-orlit propel:ant

satellites, science observing platforms, depots for manufacturing and storage of

advanced Space Station configurations, a propellants.
large deployable reflector, and large

baseline interferometers. The structural A NEW BEGINNING
dynamics an, control response of such

flexible structures is nct well understood. A new, Agency-wide attitude toward research

An added problem is the degree of precision and technology development is emerging. The

attainable for large space-based reflectors oast year has been a year of reflecting upon

especially in the submillimeter range for the state of NASA and reconstituting the

astronomical observation. To address this Shuttle. We should learn from it, be stronger

problem, lightweight reflector panels made up for it, but let it be a turning point for a

of composite materials tailored for space renewed dedication to the civil space program

durability and surface accuracy are being -- a neiv beginning. CSTI and Pathfinder are

developed. Active controls research will be right for NASA and the Nation, and these
included as an approach to maintain the efforts will challenge and encourage the

surface precision and precise alignment of Agency, industry, and the University

seven l-to-2 meter wide assembled community. And, for universities in the space

panels. engineering disciplines, an entirely new and
important role may be emerging in the scope

The program in sensor devices will be and manner in which NASA creates university

aimed at subillimeter technology for centers for space technology research.
high-resolution earth science and

astrophysics Inst-uments at wavelengths The Nation's technology program fortells

outside the limits of current observations; what we will be doing twenty ears from now.

solid-state, tunable lasers for lidar If we follow through on what we have started,

instruments to sense atmospheric the picture of the 21st Century has certainly

consti'uents; and long-life sub-Kelvin become brighter.
detector cooler technology to cool infra-red

detector arrays necessary for imaging in a

low-thermal background such as that found

looking out into deep space.

In the data area, research will be

augmented on high rate, high capacity

s9:,'e-- that function as smart, on-board
processors primarily for imaging information.

A combination of high speed, special purpose
processors and high capacity data devices is
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Computer Architecture for Future Spacecraft

lack B Dennis

Laboratory for Computer Science
Massachusetts Institute 4f Technology

545 Technology Square. Cambridge, Mtk 02139

In the design of computers for spacecraft there is components are subjected to unusually thorough checking and
e\traordinary emphasis on low weight, small size, and verification during development This thoroughness and the
mi;mum power consumption These considerations mandate special requirements often imposed on software design by fault
refined packaging and cooling technology, and use of a logic tolerance schemes place severe limits on the complexity of
technology that achieves the highest computation rate for software functions that may be undertaken. As tasks are given
given device density and power dissipation-consistent with to the spacecraft computer that require more sophisticated
survivability in space. The goals have been more than software structures, the difficulty of achieving the needed
sufficiently met, and computers have made possible many dependability will increase.
impressive achievements in space. Programmability: The most significant area, however, is

Advances in memory and logic devices have led people to programmability. While present architectures for spacecraft
envision that much higher levels of function and intelligence computers may be a reasonable choice for the software
can be built into future spacecraft within the limits on weight, requirements of present space missions, they are a poor match
size and power Authors foresee autonomous vehicles guided by to those foreseen in the future. Successful application of
knowledge-based software systems and elaborate vision artificial intelligence methods and the effective development of
systems. The motivation is to make the best use of the tiny reusable software parts will require significant architectural
signal bandwidth available for communication with mother innovation if the potential of these techniques is to be realized
,arth. in the construction of very large software systems for the space

environment.
Nevertheless, serious problems must be addressed if this

potential is to yield practical achievements in space, especially One requirement of the knowledge-based approached to
Ahere the advanced computing capability is to be applied to implementing intelligent behavior is a large memory. If the
mission critical or real time tasks, memory of a spacecraft computer is entirely in the form of

static semiconductor devices, then size and power limitations
Dep ndability: One problem area is dependability will severely limit the level of intelligent behavior pcssible.

Significant reliability goals have been met in past space The principal technologies available for large spacecraft
missions. spacecraft have survived deep space missions

memories are dynamic semiconductor devices and magnetic
requiring dependable performance for many years--a truly bubble memories. High-capacity dynamic memories are very
remarkable feat. This has been accomplished through the use susceptible to soft errors and other forms of failure from
of redundancy, fault detection, and self repair using standby radiation exposure, and they have a relatively slow access time.
spare components to make space computers tolerant of any Bubble memories, while resistant to radiation, have such long

single piMnt failure. access times that a hierarchical memory organization will be
The needed dependability has been feasible because required.

s-oftware functions are kept simple and critical software

0 )4)17 v T. B. Dennis
:,-" h Airierican rnstitute of
Aeronutics and Astronautics, Inc.
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These facLs complicate the design of computers having that is transparent to the application software 10 For ther
storage systems to support modular, knowledge-based types of -oriputer systems, this has been achieved rarely indl
software 6. 7 31 21 This is because the advanced software ily for restri-ted classes of high level language programs I'h
iesired requires iutomatic management of the memory system expectation :f nichins-dataflow -,inputers in particular
ii luding recognt-on mnd recovery of storage occupied by data that directly implement poserful functional languages makes
no longer ,-f reievatnce The schemes adopted for fault the vision f space Aependable computers periorming

letection. self repair ind software recovery must be consistent sophisticated intelligent procedures a realistic vision for ,he

with these requirements. Specifically, if the fault tolerance future 9.

schemes are not transparent to the sensitive application

software, then these schemes will impose intolerable References
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Fault Tolerance: Dataflow computers offer good
opportunities for applying fault tolerance techniques in a way


